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WHILE many minor changes and corrections have been made in each new edition of this 
work, these have not been sufficient to warrant calling special attention to them. The follow- 
ing important additions were made in the sixth edition: 

(1) Moment Tables for Cooper's conventional method of treating wheel loads (Art. 1126). 

(2) Chapter IX, on Column Formule, has been supplemented by new working formule 
which give correct working loads for all lengths of column, and at the same time give greater 
factors of safety on short than on long columns, and the reasons therefor. This is an 
innovation in column formule, but the authors feel that the arguments fully justify the 


change. Diagrams are also given for these new formule which enable the designer to take 
off his working stress as soon as his ratio 5 is approximately known. These are drawn for 


all grades of material from wrought iron to hard steel, or for all “apparent elastic limits” 
from 30,000 to 50,000 lbs. per square inch. 

(3) A new discussion of swing-bridges (Arts. 175 and 178@), which proves that the 
ordinary formule are practically correct, since the neglecting of the web system usually 
compensates the errors made in assuming the moment of inertia of the chord sections con- 
stant. The method given in the last edition of this work, therefore, and since adopted in 
other recent publications on drawbridges, of considering the moment of inertia of the chords 
as variable and of neglecting the deflections due to the web system, is here shown to give 
very erroneous results. These methods, therefore, are not only very tedious in application, 
but quite misleading in practical designing. 

In this edition the following additions have been made: 

(t) A Review of Fundamental Principles in Art. 48a of Chapter IT. 

(2) The Derivation of the Fundamental Formula of the Continuous Girder, p. 142. 


(3) The experimental strength of Cast-Iron Columns, p. 151. 
(4) An approximate analysis of stresses in Full-Spandrel, Two-Hinged, Steel Arches, p. 


218a. 
(5) Twelve full-page plates of illustrations of Bridge Erection Methods in Appendix C. 


September, 18098. 
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PREFACE, TO THE BIKSi ap eae 


IT is now less than fifty years since the first successful attempt was made to correctly 
analyze the stresses in a framed structure and to proportion the members to resist the given 
external forces.* In this comparatively short period the rational designing of framed 
structures has ripened into practical perfection, and the best current practice leaves little to 
be desired in the way of further development. The only material uncertainties remaining are 
the dynamic effects of moving loads, and these will probably never submit themselves to any 
very accurate determination or prediction. This would seem to be a fitting time, therefore, 
for the presentation to the engineering profession of a general treatise on Modern Framea 
Structures. 

The evolution of methods of analysis and of construction has been so rapid during this 
generating period that no sooner has a work on structures appeared than it has been found to 
be behind the current practice and no longer representative. It is believed that this rapid 
evolution of new methods has about run its course, and that we have now settled upon a line 
of practice, both in analysis and in construction, which will be reasonably fixed so long as the 
materials employed remain as they are to-day. It was this conviction that led the authors of 
this work to undertake the task of presenting the subject in as concise and inclusive a form as 
possible, to serve at once the needs of the student and of the practitioner. 

This work is something of a compendium, a text-book, and a designer’s hand-book, all in 
one. As a compendium it is intended to cover a great deal of ground without going too much 
into details which are found in standard works on mathematics and mechanics. As a text- 
book it is intended to serve as the student’s manual in framed structures, after he has had 
a course in mathematics and mechanics. As a designer’s hand-book it is intended to contain 
such ready information as any competent designer must constantly use, but which he does not 
care to burden his mind with. 

As a text-book the discreet teacher will not undertake to go over it all with equal care. 
According to the amount of time he can spare to this subject he will use more or less of it. 
Chapters I, II, III, IV, V, VIII, and IX are essential as a ground-work for any intelligent 
designing. After these are mastered any portion of the remainder may be taken at pleas- 
ure. It would hardly be wise, in any case, to teach all of Part I before taking something 
in Part Il. After studying a portion or all of the seven chapters named above, it might be 


* By Mr. Squire Whipple, of Albany, N. Y. See foot-note, p. 8. 
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well to assign to each student some simple design, as of a roof truss (each one taking a 
different style of truss, but all of the same span, loads, spacing, etc.), the teacher leading the 
class in the problem, and assigning such parts only of the various chapters in Part II as bear 
on the several elements of the design as they arise for solution. This would indicate at once 
how Part II is to be used in actual designing, and it would maintain the student’s interest in 
the theoretical portion of Part I by the practical application of it. 

If the course is a fairly thorough one nearly all of Part I should be studied sooner or later, 
and as much of Part II as there is time for. Probably in no case would it all be taught, but 
the student, in the various problems in designing which are assigned to him, should have 
occasion to consult nearly all parts of the book. 

The work may be criticised on the one hand for being too concise, and on the other for 
being too inclusive. The authors have tried to avoid all unnecessary verbiage and such 
mathematical developments as are given in works necessarily preparatory to this, to keep the 
book from becoming too bulky ; and they have intended to fairly cover the field of structural 
designing in which the engineer of to-day is called upon to practise.* 

This work has been written by so many persons that it is only in a limited sense that 
those whose names appear on the title-page may be considered its authors. These latter, 
however, have had the direction of the work and have written much the larger portion of it. 
It has been their controlling motive to have the book represent correctly the latest and best 
practice, and in many ways to even point out some improvements in both the analysis and the 
designing of structures. 

In order that the reader may always know the particular author he may be reading, the 
following scheme is given as a key to such information. While Prof. Johnson has had general 
charge of the entire work, in an editorial capacity, and has written portions of various chapters 
not ascribed to him, the work has been divided as follows: 

Prof. J. B. Johnson, Chapters I, VI, VIII, 1X, X, XI, XV, XXIII, XXV (Parts I and 
III), and XXVII. ~ 

Prof. F. E. Turneaure, Chapters II, III, IV, V, VII, XII (in part), XIII, and XIV. 

Mr. C. W. Bryan, C.E., Chapters XVI, XVII, XVIII, XIX, XX, XXI, XXII, and XXV 
(Part IT). 

Mr. J. W. Schaub, M. Am. Soc. C. E., Chapters XII (in part) and XXIV. 

Mr. David A. Molitor, C.E., Chapter XXVI. 

irc, 1..burdy,,C.E.; Chapter XXVIII. 

Mr. Geo. H. Hutchinson, C.E., Chapter XXIX. 

Mr. F. H. Lewis, M. Am. Soc. C. E., Appendix A. 

Mr. A. L. Johnson, C.E.,, Appendix B. 

Mr. Frank W. Skinner, M. Am. Soc. C. E., Appendix C. 

It is only due to Washington University to say that at the time he did the work Prof. 
Turneaure was Instructor in Civil Engineering in that institution (C.E. Cornell University), 
while Messrs. Schaub, Bryan, Molitor, and A. L. Johnson are graduates from its civil engi- 


neering course. 


* The chapter on Lock Gates which was in the original scheme was made unnecessary by the excellent monograph 
on this subject by Lieut. Hodges, published in 1892 by the Corps of Engineers, U.S.A., as Professional Papers, No. 26. 
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Mr. Schaub has been Chief Engineer of two of the largest bridge works of America, 
namely, the Dominion Bridge Company of Montreal and the Detroit Bridge Company. He 
was for many years an assistant to Mr. C. Shaler Smith, one of the great bridge engineers this 
country has produced. He is now General Manager of the Pottsville Bridge Works, Potts- 
ville, Pa. His chapters on draw bridges can therefore be regarded as authoritative. 

Mr. Bryan speaks also with authority, as he has for many years been the Designing 
Engineer of the Edge Moor Bridge Works, which are the largest structural works in the 
world. 

Mr. Purdy has designed many of the tall steel-skeleton buildings of Chicago, and Messrs. 
Hutchinson, Lewis, A. L. Johnson and Skinner are also fully qualified, both theoretically and 


practically, to speak on the subjects treated by them. 
Mr. Molitor has written a chapter in an entirely new field, so far as the English literature 


is concerned. He has spent a number of years in Europe in engineering practice, and has 
had an opportunity to cultivate a naturally strong zsthetic sense. His private library and his 
collections of photographs are the main sources from which he obtained his material. It is 
to be hoped that this chapter may give an impetus to the growing sense of dislike for the 
innate ugliness which now characterizes many of the largest bridges of this country. 

The authors wish also to acknowledge their indebtedness to Prof. Green of the University 
of Michigan, to Prof. Crandall of Cornell University, to Prof. Swain of the Massachusetts 
Institute of Technology, to Dr. Eddy, President of Rose Polytechnic Institute, for many ideas 
and methods which have been incorporated in the body of the work, and to Mr. Wolcott C. 
Foster, for the use of some plates from his “ Wooden Trestle Bridges.” Other acknowl- 
edements will be found in foot-notes scattered through the book. 

The authors have spared no expense in the matter of cuts and plates, nearly all of which 
have been specially drawn for this work, and engraved by the American Bank Note Company 
of New York. Only a few of the plates have been reproduced by photographic processes. 
The publisher of Hutton’s monograph of the Washington Bridge has kindly granted the use 
of several plates from that excellent work. “i 

That this work should fairly and adequately exemplify the principles and practice of 
structural designing in America, and meet with the approval of their fellow teachers and 
practitioners, has been the constant hope and aim of 


THE AUTHORS. 
July, 1893. 
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PART eels 
THEORY OF FRAMED STRUCTURES. 


CIEAP DIRS: 


DEFINITIONS AND HISTORICAL DEVELOPMENT, 


1. A Simple Framed or Articulated Structure is one composed of straight members 
so attached at their extremities as to cause the structure to act as one rigid body. It may be 
contrasted with masonry structures on the one hand and with solid beams, -plate girders, 

‘arches, wire suspension-bridges, and the like on the other. 

2. The External Forces include all the loads and foundation reactions, including the 
weight of the structure itself, which act upon and which tend to distort it. These forces are 
always replaced by their equivalent forces applied at the joints before the direct stresses in 
the members can be computed. 

3. Strain is the distortion of a body caused by the application of-one or more external 
forces.* It is measured in units of length, as inches, and not in pounds. The proportional, 
or relative, strain is usually meant, this being the distortion per unit of original length, or in 
other words, the actual distortion divided by the original length of the member. 

4. Stress is the resistance of a body to distortion, and can only exist in unconfined bodies 
when these are solid or plastic. It is measured in pounds or tons the same as the external 
forces. The stresses resist, or hold in equilibrium, the external forces, but the immediate 
cause of the stress is the distortion of the body.t The external forces upon a framed struc- 
ture distort the members until the resisting stresses developed in them are sufficient to hold 
in equilibrium these external or distorting forces. For bodies in equilibrium the external 
forces and the internal stresses stand in the relation to each other of action and reaction in 
mechanics. Furthermore, when the stress in one member is resisted by or transmitted to 
another member or part of a structure it acts upon the latter as an external force. Thus the 
reaction of the foundation is a stress in the masonry support, but is to be treated as an 
external force acting upon the superposed structure. 

5. Relation between Stress and Strain.—In all solid bodies there is a definite relation 
between the intensity of the stress and the amount of the accompanying strain. No body 
is so rigid as to remain unstrained, or undistorted, under the application of any finite external 


* In popular language “strain” and “‘stress” are often confused and used indiscriminately. Some authors of 
repute have also followed the popular usage, but the definitions here given conform to the practice of the leading 


authorities. 
+ It is common to say the distortion is caused by the stress, But a resistance cannot be the cause of the thing 


resisted. Though coincident in time and place, the distortion is really the cause of the stress, 
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force, however small.* Within a certain limit for any particular material a given increase in 
the external force is always accompanied by a proportionate increase in the strain, or distor- 
tion, and this develops a like increase in the stress, or resistance. Thus if any bar of rolled 
iron or steel be distorted by an external force (pull or thrust) of 28 lbs. per square inch, it 
will stretch or shorten, as the case may be, an amount equal to one one-millionth part of its 
length, the internal stress, or resistance to distortion, then coming to be just equal to the 
external force of 28 lbs. per square inch. An external force of 28,000 lbs. per square inch 
distorts or strains the bar one one-thousandth part of its length and then develops in the bar 
a resistance or stress of 28,000 lbs. per square inch. It is evident, however, that this resist- 
ance cannot continue to increase indefinitely in proportion to the distortion. There always 
comes a time, if the external force continues to increase, when a greater increment of distor- 
tion is requisite to develop a given increment of resistance. This point is called 

6. The Elastic Limit.—Below this limit the stress and the strain are proportional, equal 
increments of one always producing equal increments of the other.+ Also, below this limit, 
when the distorting force ceases to act the body returns to its original shape and dimensions 
and the stress is relieved. If the body be distorted beyond the elastic limit, the strain 
increases more rapidly than the stress, or than the external force, these two always of necessity 
being equal to each other, and some of the distortion becomes permanent. That is, when 
the external force is removed the body does not fully return to its original dimensions, but 
remains permanently distorted somewhat, or it is said to have “ taken a set.” 

7. The Modulus of Elasticity is the ratio of the stress per unit of area to the relative 
strain, or distortion, which accompanies it. In other words, it is wut stress divided by unit 
strain, or 


unitstress /f/ ff 
"unit strain  @7~ q@’ 


Z 
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where @ = distortion or strain (either elongation or compression) ; 
Z = original length of part under stress ; 
f = stress per unit area (pounds per square inch in English units). 

Since pounds and inches are the standards used in English, the modulus of elasticity as 
given and used in all English works must be understood to represent pounds per square inch, 
the denominator of our fraction in eq. I being an abstract number.+ 

This modulus or ratio is constant within the elastic limit. Beyond that it steadily 
decreases until it reduces to zero in the case of solid metals where the material becomes 
plastic and draws out or compresses under a constant load. All working stresses are, or 
should be, well within the elastic limit, and hence for all such stresses this ratio is constant 
for any given material. When it is known the resisting stresses can be found for a known 
distortion, or the distortion may be computed for a known stress. The determination of this 
ratio requires very delicate measuring apparatus with the most careful and expert handling. 
Tabular values given for these moduli for different materials in standard works are not very 
reliable. Thus, for all the rolled irons and steels this modulus is remarkably constant, being 
perhaps always between 26,000,000 and 31,000,000 Ibs. per square inch for the ordinary 


* It may be found helpful to think of all engineering materials as composed of india-rubber in order to free our 
minds from the notions of absolute rigidity which are apt to be associated with the harder kinds of structural materials 

+ This is known as Hooke’s Law and was originally expressed by the Latin phrase ‘‘ U¢ densio sic vis.” 

t If this denominator could become unity, which it never can in solids, then the fraction, or Z, would represent the 
number of pounds per square inch required to stretch a body to twice its original length, and the modulus of elasticit 
is sometimes so defined, ) sear 
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temperatures, while the tensile strength of these metals will vary from 45,000 lbs. per square 
inch for wrought-iron and soft steel to over 200,000 Ibs. per square inch for hard-drawn steel 
wire. It is an extremely valuable property of engineering materials, and is used to great 
advantage by the scientific designer. 


8. Examples.—The following examples are given to illustrate some of the uses to be made of the 
modulus of elasticity. In solving these problems, take the modulus of wrought-iron as 27,000,000, and of 
steel as 28,500,000; of cast-iron as 12,000,000; and of timber as 1,500,000 Ibs. per square inch. 

1. A steel-wire cable 5 miles long and one square inch in solid section is pulled with an average force 
of 15,000 Ibs. What is the strain, or stretch ? 

2. The rim of a cast-iron fly wheel 10 feet in diameter is subjected to a tensile stress of 5000 lbs. per 
square inch from the centrifugal force. How much is its diameter increased ? 

3. If an iron or steel rail 30 feet long is prevented from expanding, what will be the stress in it per 
Square inch resulting from a rise of temperature of 80° F., the coefficient of expansion being taken at 
0.000006 5 ? 

4. A series of wooden posts superposed upon each other ina building to a total height of 60 feet are 
subjected to an average compressive stress of 1000 Ibs. per square inch. How much will be the settlement 
at the top from this cause ? 


THE TRUSS AND ITS ELEMENTS. 


9. A Truss is a framed or jointed structure designed to act as a beam while each 
member is usually subjected to longitudinal stress only, either tension or compression. 

10. The Struts are those members which are compressed endwise, and which therefore 
have developed in them compressive resistances or stresses. Struts are sometimes called 
Posts, or Columns. 

11. The Ties are those members which are extended, and which thus have developed in 
them tensile resistances or stresses. 

12. The Upper and Lower Chords are composed of the upper and lower longitudinal 
members respectively. When the loads are downward and the truss is supported at its ends, 
the upper chord is always in compression and the lower chord always in tension, The spaces 
between the chord joints are called paned/s. 

13. The Web Members are those which join the two chords. They are alternately in 
tension and compression, or the struts.and ties alternate in the web system. 

14. A Counterbrace is a member which is designed to resist both tensile and compressive 
strains. That is, for one position of the load the member may be elongated, while for 
another it may be compressed, and hence at different times it must resist both extension and 
compression. When two or more external forces act upon it, some of which tend to compress 
the member and others to extend it, it is evident that only the algebraic sum of these forces 
really acts upon the member. It is subjected to a stress, therefore, equal to and of the same 
kind as the algebraic sum of all the external forces acting upon it. 

Hence, also, a tension member or tie may resist a compressive external force without 
becoming a counterbrace, so long as this compressive force is smaller than another extending 
force which also acts. Similarly with struts, they can resist ‘ensile external forces without 
becoming ties, so long as these are less than other compressive forces which continue active. 
The residual stress is tension in the one case and compression in the other, for which only the 
member is designed, and therefore we may say that both struts and ties may resist the contrary 
external forces without becoming counterbraces, the stresses in the member always being 


of one sign * or kind. 


i 
*Ip this book tension is called mzzus and compression plus. follo 
Tt is only important that both stresses and forces of opposite kinds should enter with opposite signs, 


There is no objection to following the contrary rule. 
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15. Mains and Counters.—A main member, whether strut or tie, is one which acts 
when the entire structure is loaded. A counter is one which acts only for particular partial 


loads. 


Fic. I. 


16. Illustration.—In Fig. 1, which represents a Pratt Truss, the compression members, 
or struts, are shown by double lines, and the tension members, or ties, by single lines. When 
the end posts are inclined as in the figure, they would seem to belong about as much to the 
upper chord as to the web system. They are usually spoken of separately as the “ inclined 
end-posts”’ or the ‘“ batter-braces.” 

The members 7-10, 9-12, 10-I1, and 12-13 are counters, or counter-ties. There are no 
counter-braces in this truss; that is, no members have to resist both tension and compression. 

The tension members 2-3, 4-5, 6-7, 8-g, I1-14, 13-16, 15-18, and 17-20 are main tie- 
rods. The members 1-2 and 19-20 are not elements of the truss proper, since they serve 
only to carry the loads at 1 and at Ig to the hip-joints. 

17. The Action of a Truss.—Since a truss is a jointed structure composed of rigid but 
elastic meinbers so arranged as to form an unyielding combination, it must be composed of 
an assemblage of rigid polygons. But the only rigid polygonal figure is a triangle. A truss 
must therefore be composed of an assemblage of triangles. Any assemblage of triangles 
fastened together at their apices, consecutive figures having sides in common, is a truss, and 
will act asa beam. In Fig. 1 the triangles are all right-angled. A load placed at joint 7, for 
instance, is carried by the truss asa beam to the abutments at o and 21. The part of this 
load which goes to the left abutment may be conceived as being carried up to 6, down to 5, 
up to 4, down to 3, up to 2, and then down too, where it passes to the ground. The part 
which goes to the right passes over the path 7, 10, 9, 12, 11, 14, 13, 16, 15, 18, 17, 20, and 21. 
Thus for such a load the ties 7-10 and g-12 are put under stress, while 8-9, 10-11, and 12-13 
are idle, as well as the post 7-8 and the hangers 1-2 and 19-20. If all these idle members 
were removed, the truss would stand under this particular loading, since it would still remain 
an assemblage of triangles, properly joined. If the load were placed at 9, 9-8 and 9-12 would 
be under stress, while 7-10 and 10-11 would be idle. If the two middle joints g and I1 were 
loaded equally, the part of the load at 9 going to the right is just balanced by the part of the 
load at I1 going to the left, and hence there is no stress in the intermediate web members 
g-12, 10-11, 9-10, and 11-12. The counter-ties 7-10 and 12-13 are also idle. 


FIGs 2, 


In Fig. 2 we have generalized conceptions of a truss. They are assemblages of triangles 
adjacent figures having a common side, and exemplify the generic idea of a truss 
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A truss is not weakened from its want of symmetry or from its sagging in the middle, 
provided all the members are properly proportioned to carry their loads. 

A Through-bridge is one in which the roadway is carried directly at the bottom-chord 
joints, with lateral bracing overhead between the top-chord joints, thus enclosing a space 
through which the load passes. 

A Deck-bridge is one in which the roadway is carried directly at the top-chord joints, or 
on the upper chords themselves. The trusses are usually placed closer together than on 
through-bridges, the roadway extending over them. 

A Pony Truss is a low truss of short span, with the roadway carried at the bottom joints, 
_ but not of sufficient height to allow of the upper lateral bracing. The trusses are stayed, or 
held to place, by bracing, connected with the floor system. 


HISTORICAL DEVELOPMENT OF THE TRUSS IDFA. 


18. Primitive Systems.—The earliest forms of truss were built of timber, the progres- 
sive development of the forms used for bridge purposes being shown in the following figures. 
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FIG. 34 


Figs. 3a, 30, 3c are three forms of truss construction employed by Palladio, a famous 
Italian architect, 1560-80. These trusses were built entirely of timber, and are believed to. 
be the earliest examples of a scientific use-of the truss element, the rigid triangle. Palladio 
wrote an elaborate illustrated treatise on architecture in which these and other forms of 
truss have been preserved. ; | 

The mastery of the principles of truss construction did not follow the practice of Palladio, 
and so fine an example of the use of the truss element is not found again for nearly three 
hundred years. 

Fig. 4 represents one span, 170 feet long, of a bridge over the Rhine at Schaffhausen, 
built in 1758 by Ulric Grubenmann, a carpenter by trade but really a great engineer. He 
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afterwards built a wooden bridge of similar design, 366 feet long, near Baden. Both these 
bridges served their purpose till destroyed by Napoleon in 1799. 
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Fig. 5 represents the “ Permanent Bridge” over the Schuylkill River at Philadelphia, 
built by Mr. Timothy Palmer of Newburyport, Mass., in 1804.* The middle span was 195 feet 
and the side spans were 150 feet each. It was covered in and continued in service till 1850, 
when it was replaced by a bridge for railroad purposes. 
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Fig. 5. 


In 1804 Mr. Theodore Burr built a bridge over the Hudson River at Waterford, in four 
spans of 154, 161, 176, and 180 feet clear span, respectively, after the pattern shown in Fig. 6. 
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All members were of timber, and counter-struts were inserted the entire length, thus giving 
great rigidity. This is probably the most scientific design for an all-vooden bridge ever 
invented, and for a half-century it stood unrivalled for cheapness and efficiency for highway 


purposes in this country. These bridges were always covered in, the coverin 


g extending 
»many feet beyond the end of the truss proper. 


In Fig. 7 is shown a view of the Colossus Bridge over the Schuylkill River at Philadel. 
phia, built in 1812 by Mr. Lewis Wernway. It was 340 feet clear span, and marked a great 
advance on previous practice in America in the length of span. It was destroyed by fire in 
1838. These three gentlemen, Palmer, Burr, and Wernway, 
bridge engineers of America. 


All the above types of bridges, Figs. 4-7, are composite forms and not simple trusses. 
* See Paper on American R. R. Bridges, by Theodore Cooper, Tne 


were, up to 1840, the ieading 
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2 ae . : 
ee ee SOA 1 1). The ties in the web system extend over two 
Lae a ee. ee ed a double-intersection "truss. The lower chord was com- 
we Be in nee over wrought-iron trunnions in the bottoms of the posts. 
aes press 3 es ers were of cast-iron, and it was pin-connected in both upper and 
c a vs This form of arrangement of members is still known as the Whipple truss. 
Lee n 1863 tr John OMe Murphy first used wrought-iron for all the compression members in 
e construction, but still used cast-iron in joint-blocks and pedestals. On account of this 
oe by Mr. Murphy in the Whipple truss, the modern wrought-iron or steel double- 
ersection, horizontal chord, truss is sometimes called the Murphy-Whipple truss. 
In 1861 Mr. J. H. Linville first used wide forged eye-bars and wrought-iron posts in the 
web system. He still retained the cast-iron upper chord. 
To Messrs. Whipple, Murphy, and Linville, therefore, is largely due the credit for 
establishing in this country the distinctive practice of eye-bar and pin connections which are 
still used here on all long-span iron bridges. 
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From 1865 to 1880 a great many railroad and highway bridges were built under patents 
granted to Mr. S. S. Post, all being of the style shown in Fig. 12. This truss is known as the 
Post truss, its distinctive feature being that the web struts, instead of standing vertically, have 
a horizontal run of one half a panel length, while the ties have a horizontal run of one and 
one-half panel lengths. The theoretical economy from this arrangement is now thought to be 
offset by corresponding practical disadvantages and the truss is no longer built. 

Since this historical account treats only of truss forms, no mention is made of the early 
cast-iron. arch-bridges, and of iron-link and wire suspension-bridges, many kinds of which, of 
long spans, preceded the introduction of the truss proper. In fact, in England and on the 
Continent the truss developed out of a combination of the arch and suspension systems, cast- 
iron being used in the arched upper chord, and wrought-iron links in the curved lower chord, 


the two being rigidly held with vertical struts and diagonal tie-rods. 
Since about 1870 cast-iron has been entirely abandoned in America in the construction of 


railroad bridges, and since about 1880 in highway bridges as well. 


were at first made of the same size from end to end. Mr. Whipple’s work is preserved in a small book of 120 pp. 
entitled ‘‘ A Work on Bridge Building, consisting of Two Essays, the one elementary and general, the other giving 
Original Plans and Practical Details for Iron and Wooden Bridges. By S. Whipple, C.E. Utica, N. Y., 1847.” 

This is a remarkable work. The author not only has correctly analyzed bridges for both static and moving loads, 
correctly dimensioning all members, including the counters, but he computes the total ‘‘strain-lengths” of various 
styles of bridges and compares their relative weights in this manner. He also gives a very good column formula, - 
finds the best ratio of panel length to height of truss, and of height of truss to length, and compares the relative cost 
of wood and iron bridges. There are ten plates of details, including his first designs for the double-intersection iron 
truss since called by his name. His methods of analysis were graphical but strictly correct. He was the first to use 
pin-connections in the bottom chord, and his designs for this wrought-iron pin-joint are extremely interesting. 

This book had been published three or four years when Hermann Haupt wrote his work on bridges. Apparently, 
Mr. Haupt had never seen a copy of it, since he claims his work as original also, and there is no internal evidence 
that he had seen Whipple’s book. His methods of analysis are much cruder than Mr. Whipple’s and far less complete. 

The theory of the stone arch, and of arch and suspension bridges under fixed or uniform loads, was early 
developed, but the true theory of truss action seems to have originated with Mr. Whipple. His manuscript was 
written in 1846. See Development of the Iron Bridge, by S. Whipple in &. R. Gazette, Apr. 19, 1889; and Discussion by 
A. P. Boller in Vvransactions Am. Soc. Civ. Engrs. Vol. XXV, p. 362, Also American R. R. Bridges, by Theodore 


Cooper, 7rans. Am. Soc. Civ. Engrs. Vol. XXI, p- 1. 
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The favorite style of truss now for moderate spans for all purposes is the Pratt truss 
(Fig. 1). . It was patented in 1844 by Thomas W. and Caleb Pratt as a combination wood and 
iron bridge. It was a variation from the Howe truss in that the diagonals were of iron and 
used in tension, while the verticals were struts and were made of timber. It never became a 
popular style until wrought-iron came to be used exclusively in bridge construction, when it 
was found to have advantages over all other forms. It will be fully developed in the body of 
this work.* 

In closing this short account of the development of the idea of the simple truss, it should 
be said that only within the last twenty-five or thirty years have the mathematical principles 
governing the distribution of stresses in a truss been generally understood, and for a still 
shorter period has the actual strength of full-sized members and joints been even approxi- 
mately known. All the earlier examples of bridge construction were designed and executed 
by carpenters and mechanics wholly ignorant either of the values of the stresses or of the 
strength of the parts, except as experience had educated their judgments of what would 
probably serve the purpose. They are deserving, therefore, of high honor for the great works 
they were able to build without any of those scientific aids now offered to every student in 
our numerous engineering schools. 

Pee en Sd Pe ee a ie, Se 

* No historical account of American iron bridges would be complete without some notice of the efforts of Thomas 
Paine fo sp rodtice long cast-iron arch-bridges of low rise. As early as 1786 he advocated the use of cast-iron for long 
arch-bridges, with a rise of about one twentieth of the span; and he had such arches made and tested at his own expense 
go feet in length, as models for a 400-foot span which he urged Congress to build as an example to educate the public. 


The Academy of Sciences of Paris reported favorably on his design for this length of span, but his model was sold for 
debt and afterwards used in England. He never took out a patent, his object being purely benevolent. 
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APPLICATION OF THE LAWS OF EQUILIBRIUM TO FRAMED STRUCTURES, 


DEFINITIONS. 


20. Forces are concurrent when their lines of action meet in a point ; on-concurrent 
when their lines of action do not so meet. 

Forces may also be copf/anar, that is, lying in the same plane; or non-coplanar, lying in 
different planes. Coplanar forces only will be here considered. 

A force is fully defined when its amount, its direction, and its position are known. 

21. The Moment of a Force about a point is the product of the force into the perpen- 
dicular distance from the point to the line along which the force acts; it is a measure of the 
rotative action of the force about the point. 

22. A Couple is a pair of equal and opposite forces having different lines of action. 

23. Equilibrium.—A system of forces acting upon a body is in equilibrium, or balanced, 
when the szate of motion of the body is not thereby changed ; e.g., a body at rest or moving 
at a uniform velocity is being acted upon by a balanced system of forces. The body also is 
said to be in .equilibrium. 

As we distinguish two kinds of motion, translation and rotation, so we may distinguish 
two kinds of equilibrium, equilibrium of translation and equilibrium of rotation. A body to 
be in complete equilibrium must be so in both these senses, and one does not imply the 
other. 

24. The Resultant of a system of forces is a single force which will replace that system 
as regards its effect upon the state of motion of the body acted upon. A force equal and 
opposite to the resultant will balance the resultant and therefore the original system. In the 
single case where the system reduces to a couple no one force will replace the system. 

For equilibrium of translation the resultant must equal zero. For equilibrium of rotation 
the sum of the moments of the forces about any point must equal zero. 


RESULTANT AND EQUILIBRIUM OF CONCURRENT FORCES. 


25. Graphically.—Let P, ... P,, Fig. 13 (a), be a system of concurrent forces applied at 
A. Their resultant may be found as follows : 

Lay off O1, Fig. 13 (0), equal by scale to P, and having the same direction, then from 1 
- lay off 1-2 equal and parallel to P,. By the principle of the parallelogram of forces, O2 is the 
resultant of P, and P,in amount and direction. Similarly, by laying off 2-3, 3-4, and 4-5 
equal and parallel to P,, P,, and P,, respectively, we have O3 equal to the resultant of P,, 
P,, and P,; 04 the resultant of P,, P,, P,, and P,; and finally O5 equal to the resultant of 
‘our given system in amount and direction. Its point of application is A. 

The order in which the forces are laid off in () is immaterial, as each force will evidently 
have the same effect upon the final position of a point following around the figure in whatever 
part of the path the force occurs. Thus the order /,, P,, P,, /,,and P, gives the figure 
O1'2'3/45. We must, however, be careful to draw each force in its true direction, e.g., Py 


must be drawn from 2 towards 3, and not from 2 towards 3”. 
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A figure such as Fig. 13 (6) is called a Force Polygon. 
Since & is the resultant of P,...P,, if we apply a force R’ at A, equal and opposite to 


i, the forces RP... will forma, balanced system. This is seen to be true from the 


Fic. 13. 


force polygon also, for since 5O is equal and parallel to R’, the resultant of the system 
P,...P,, R’ is zero, and therefore we have equilibrium of translation. Equilibrium of 
rotation is not in question, the forces being concurrent. Expressed graphically, the only 
condition necessary for equilibrium of a system of concurrent forces is that their force polygon 
must close. 

To sum up, we may state that the resultant of a system of concurrent forces is given in 
amount and direction by the closing line of the force-polygon, this closing line being drawn 
from the origin to the end of the last force; and the force necessary to balance the given 
system is given by this same closing line drawn in the opposite direction. The resultant is 
simply the shortest way of passing from the origin of our roundabout system to its end. Any 
system of concurrent forces with its force polygon beginning at O and ending at 5 would be 
equivalent to the given system, and if beginning at 5 and ending at O would balance the 
system. Moreover, each of the forces in a closed polygon is equal and opposite to the 
resultant of all the other forces. 

20. Algebraically.—Take the same system of forces as before, Fig. 14. Resolve each 
force into horizontal and vertical components (any two 
directions at right angles will do as well), or along the 
axis of XY and the axis of Y respectively. These com- 
ponents form a system equivalent to the given system. 
Let = hor. comp. be the algebraic sum of the horizontal 
components, = // in the figure, and 2 vert. comp. that 
of the vertical components, = Vin figure. The result- 
ant, R, in amount is evidently equal to 


V(= hor. comp.)? + (3 vert. comp.) 


The tangent of the angle between R and the axis of Vis 
F 4 = hor. comp. 
BETO nes vert. comp. 


amount and direction. Its point of application is A as 
before, whence it becomes fully known. 


, and thus R& is determined in 
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For equilibrium, R must be zero, or (= hor. comp.) + (2 vert. comp.)? = 0, which 
requires that 


poles COM Pe—=104) os 
and 


ae Vetus COM) Poe =tOM ists rel 5h, viv eos Hes eke RCM) 


These two equations express algebraically the condition we have already expressed graphically 
by requiring that the force polygon must close. Referring to Fig. 13 (0), we see that = hor. 
comp. is the net horizontal displacement in passing from O to 5,= Bs, and that 3 vert. comp. 
is the net vertical displacement, = OB; also that R= (2 hor. comp.) + (2 vert. comp.) 
For equilibrium, R = o. 

27. Remarks.—The foregoing conditions of equilibrium are precisely similar to the 
conditions necessary to a balanced land-survey. As there, the plot must close, or the 
latitudes and departures must each sum up zero, so here, our force polygon must close, or 
= hor. comp. = 0 and & vert. comp. = 0. And further, as we can supply two unknown quan- 
tities in the former case, so here, having a system in equilibrium, we can, either graphically or 
by the use of the above equations, compute two unknowns. They may be either the 
amounts or directions of two forces, the amount of one and the direction of another, or the 
amount and direction of one. 


RESULTANT AND EQUILIBRIUM OF NON-CONCURRENT FORCES. 


28. Graphically. Let P,...P,, Fig. 15, be a system of 
non-concurrent forces. Required their resultant and condi- 
tions of equilibrium. 

We can combine P, with P,, getting their resultant X,, then 
this resultant with P,, getting &,, and finally X, with P,, getting 
R,, the resultant of the entire system in amount, direction, and A 
position. Tosave drawing the separate parallelograms we may Bee 
construct a force polygon as in Fig. 16 (4), and draw the lines fo. 
O2, 03, and O4, these being the resultants, R,, R,, and #,, in 
amount and direction. Then from A, the intersection of P, and 
P., draw AB parallel to R,, and from the intersection of AB 
with P, draw BC parallel to &,, and lastly CD parallel 
to R,. The line CD will be the line of action of R, 
whose amount and direction are given in the force 


Y polygon. 
Fi 2 The figure ABCD is called an equilibrium polygon, 
A R *: and AB, BC, and CD are its segments. The point O 
P, / ok |P8(z) is called the pole, and &,, R,, and &, are rays, of the 
12 Bia force polygon; Ot 2 3 4 is called the /oad sine. 
(a) ee “To cause equilibrium there must be a force &,’, 


equal and opposite to #, and applied in the line CD. 
Graphically then, for equilibrium of non-concurrent 
forces, the force polygon must close, giving equilib- 
rium of translation, and the last force must coincide with the last segment of the equilibrium 
polygon, giving equilibrium of rotation. It is important to remember that each segment of an 
equilibrium polygon is the line of action of the resultant of all the forces to the left of that 
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segment; and if the system is a balanced one, it is as well the line of action of the resultant 
of all the forces upon ezther side of that segment. When the forces are parallel or nearly SO, 
a special expedient is necessary to enable us to draw an equilibrium polygon. This case is 


treated of in Arts. 37-44. 
29. Algebraically.—Kesolve the forces into horizontal and vertical components, as in the 
case of concurrent forces. The amount of the resultant, 


R, is given by ¥ (= hor. comp.)* + (= vert. comp.)’; its 
2 hor. comp. 


» direction by —— Its line of action is found 
Poa = vert. comp. 
% N base. 3 
vi Se by putting its moment about A, equal to the sum of 
i the moments of the given forces, or Ra = > mom. 
»f ‘ To cause equilibrium we must have R, or 
SEA 


giving equilibrium of translation, and the sum of the 

moments, or 2 mom., = 0, giving equilibrium of rotation. This gives us three equations of 
equilibrium: : 
= hor. comp. == 0; .) s7.7\ caeeu ae (3) 


2 vett. comp=="0,.+ .4.0 (sae (4) 
= mom. =O ee) er 


which hold true for any system of non-concurrent forces in equilibrium, and hence, having 
such a system, we can in general determine three unknowns. As the forces are as a tule 
known in position and direction from other considerations, the unknowns are usually the 
amounts of three forces. If, however, the three unknown forces themselves meet in a point, 
they are indeterminate ; for, since the system is by supposition in equilibrium, the resultant of 
the known forces must pass through the same point, and the system is for our purposes a con- 
current one, and we have but ¢wo independent equations. Instead of the first two equations 
above, it is often more convenient to write two other moment equations, taking a new centre 
of moments each time. Equations (3) and (4) are then not independent. 


APPLICATION .OF THE EQUATIONS OF EQUILIBRIUM. 


30. Methods.—In determining the stresses in framed structures there are three general 
methods of applying the equations of equilibrium. 

Ist. To the structure as a whole. 

2d. *To any single joint. 

3d. By passing a section through the structure, removing one portion and applying the 
equations of equilibrium to the remaining portion, the stresses in the members cut being 
replaced by equal external forces. This is known as the method of sections. 


1. Algebraical Application, 


31. First. To the Structure as a Whole.—The external forces acting upon a structure 
in equilibrium form a balanced system, to which may be applied the three equations of 


equilibrium of Art. 29. We can therefore in general fully determine these external forces, 
provided there are not more than three unknown. 


¥ 
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EXAMPLE 1. Suppose the roof-truss in Fig. 18 to be acted upon by the wind-pressure, 
W, acting normally to the roof; the weight, G, of the roof and truss applied at their centre 
of gravity and acting downwards; and 
the abutment reactions as yet un- 
known in direction or amount. These 
comprise all the external forces. 

Fig. 19 shows the truss free from 
the abutments, with the abutment 
reactions, R’ and R”, put in. The 
left end of the truss is supposed to rest upon rollers, the abutment at B taking all the 
horizontal thrust due to wind. This being the case, R’ will be vertical and R” inclined at 
some angle 8 with the vertical. The unknowns are R’, R”, and 6. Applying our three equa- 
tions of equilibrium: = hor. comp. = 0 gives 


Fic. 18. 


Vgsin @aa hs Sit, 6,039" een. eee (2) 
= vert. comp. = 0 gives 
eet COS 0 1, COS. -— G'=.0% 7.7) 336) scp 0) 6) «, Sevier oer een (D) 
2 mom. about B = 0 gives 


RI-Gx HWE Wa =o. Pom a werk ee ee UM wee Wat? ee (c) 
From (¢) 


Ra 


Wa + 4Gl 
Say : 


e e e e e e e e e e e e ® e e e (Z) 
From (a) 
de sin (Oh ae W sin (Cee ee ee ech YY ee ORS (é) 
From (4) and (@) 
| Wa + 4Gl 
R’ cos 9= Weosa+ G — RiGtiat et 


gah Cer eee R" sin 0 ose 
and since R’ = VR” sin’? 6+ R’” cos’ 6, and tan 6 = RE oe. therefore R’, R”, and 6. 


are readily found. 
In the above example we have for convenience called forces to the right, and upwards, 


and moments tending to produce rotation with the hands of a watch, posetive ; and those in 
the opposite directions, zegative. The opposite convention would do as well, the only thing 
necessary being to introduce opposite forces and opposite moments with unlike signs. 

EXAMPLE 2. Bridge-truss (Fig. 20) with three loads, each = 10,000 lbs. Required the 
abutment reactions. Rollers at A. Weight of truss, G, = 30,000 lbs. 


Fig. 21 shows the truss free with all external forces put in. There being rollers at A, 
orl be vertical; R’’ will make some angle & with the vertical. It will usually be more 
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convenient to deal with the hor. and vert. components of forces whose directions are 
unknown, the unknowns then being these components in amount. Our unknowns are. thus 
R’, Ry", and R,/’. Applying now our equations of equilibrium: 2 hor. comp. = 0 gives 


co deo = 0, or Ieee = 0; 


This result might readily have been foreseen by inspection, there being no other horizonta/ 
force. In arriving at conclusions by inspection we must, however, be very careful to see that 
they are based upon some one of-the three conditions of equilibrium, and where the result 
is doubtful we should always return to the rigid method,—consider the structure by itself, put 
in all forces, and write out in detail the equations of equilibrium. 

Returning to the example :—An equation of moments about # as a centre will give R’ 
directly, after which R,’’ can be found by.a second moment equation with 4 as centre, or by 
paeVert. COM). = 0. 

EXAMPLE 3 (Fig. 22). Hinges at A, B, and C. Loads P, and P,; weight of structure 
neglected. What are the reactions at A and B, also the hinge reaction at C? In neglecting 


the weight of the structure the problem is to find that portion of the reactions due to the 
loads P, and P,. The portion due to the weight may be found separately and combined with 
the other, giving the total reactions. 

There being a hinge at C, allowing one part of the structure to turn freely upon the 
other, we have two separate framed structures, AC and CB, to which may be applied the 
conditions of equilibrium. Fig. 23 shows each structure separated and the external forces 


ul 


Cc Ry Rl" c 


ey a Mase es 


| 
| 
} 
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put in, the vert. and hor. components of the unknown forces being indicated. At C we 
have a simple case of action and reaction,—the forces acting upon the two portions are equal 
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and opposite. We have now six unknown quantities and can write three equations for each 
structure. For the left-hand structure, > vert. comp. = 0 gives us 


Rife DRURY = Ochi pn A aaa 


= hor. comp. = 0 gives 


Ue pate rat OST Wome ar ak ae ree aren) 
2 mom. about C = 0 gives 


Dexa Ut Last Chem Dey, Rs = On Sarde ote: Ae Pe 


For the right-hand structure, 2 vert. comp. = 0 gives 


Rey oe Rye = OSes ses ie 
= hor. comp. = 0 gives 


Teg ae wie Teifa es O5 . ° . ° ° e ° ® (e) 
= mom. about C = 0 gives 


Pee Re Rh Ry A LO. 5 ic ae ee ry 


These six equations are readily solved for the six unknowns. From (8) and (e) we have at 
once, R;,’ = RK," = R,’, a result evident from inspection. 

iaetaisnexalmpic: lets. 31000 Ibs. = (2000! lbs... =s100 ft.,.¢, = 10 {ten IStt ane 
hk = 40 ft. What are the numerical values of the reactions? 

Note.—The value of R;’” should come out = — 300 lbs. The minus sign merely indi- 
cates that the direction of R,’”’ has been wrongly assumed; it should act upwards on the 
portion AC. 

The above problem may be solved more directly as follows: Since the entire structure, 
ACB, is in equilibrium, our equations will apply as well to it. The external forces are R,/, 

Pine fk, ,and ky, . 2 mom. about Ad = 0 gives 


Wee x ($/—c¢,) +A, x (47-++¢,) — Roy aX 1=0, 
from which Ry’ is found. 2 vert. comp. = 0 gives 
RyRy SP — P:= 0, 


from which we get Ry’ at once. To get R,’, Ry”, Ry'”, and R;’’. we must pass to the single 
structure, 4C, or CB, whence these unknowns are readily found. 


1 


120 


ss a Gas Seas 


= ee ieee 
| 
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EXAMPLE 4. Cantilever bridge. Joints at A, Bb, C,and D. Loads as shown; weight of bridge neglected. 
P = 10,000 lbs. Find reactions at C, D, E, and F. Notice that here we have ¢hree independent structures, 
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32. Second. To Single Joints to Find Stresses.—Since all parts of a structure at 
rest are in equilibrium, we may evidently apply the laws of equilibrium to the forces acting 
upon any portion of that structure. That portion may be a single joint, a single member or 
part of a member, or it may include several joints and members. The forces acting upon the 
portion may be part external forces and part internal forces or stresses, or they may be wholly 
stresses. Fig. 25 illustrates five different portions of the roof-truss, to which may . applied 
. the equations of equilibrium. The letters S,, S,, etc., denote 
forces due to stresses in the members cut; the eee in 
which they act along the members, whether towards or away 
from the portion considered, is known only after solution. 

EXAMPLE 1. Let it be required to find the stresses in all 
the members of the above truss; loads as shown. 

We must first find the abutment reaction at A or B, treat- 
ing the structure as a whole. 2 mom. about B= 0 gives 
R1l— Wi—- Wx 4l=0, from which RX’ = 3W. 

In treating now of single joints we are dealing with con- 
current forces, hence we have but two independent equations 
at our disposal and can therefore find but two unknown forces. 
After finding R’ there are but two unknown forces acting at 
A, viz., the stresses in AC and AD. Separating this joint, Fig. 
25 (0), and replacing these stresses by the forces S, and S,, as- 
suming them to act as shown, we are ready to apply our equa- 
tions of condition. 2 vert. comp. = 0 gives 


S5 
oa Ww 
ay B R’ — W—S,cos6+ S,cosa=0. 
Z or é 
SE RC) (7) |r" 3 hor. comp. = 0 gives 
Fic. 25 


S, sin a — S;sin@ =. 


From these two equations S, and S, are easily found. If the result in either case is nega- 
tive, then we have assumed our force in the wrong direction. Now S, being the force exerted 
upon the lower end of AC dy the upper end, the direction of the arrow indicates compression ine 
AC. Similarly, AD is in tension by the amount S,, assuming the direction indicated as correct. 

Having found the stress in AC we may pass to the joint C. The unknowns are the 
stresses in CD and CB. In Fig. 25 (c) the joint is shown free with all forces put in; S, 
will point towards C, AC being now known to be in compression. Assume either direction 

for S, and S,. As before, = vert. comp. =o gives S, cos @+ S, cos 4 -—- W— S,=0 and 
= hor. comp. == 0 gives S, sin @ — S, sin 6 =0, from which S, and S, may be found. 

We may then pass to D or B, there being one unknown at D and two at B, one of which 
is the abutment reaction. 


Fic. 26. HiGw27, 


The stresses in all the members are thus found by treating single joints in succession, 
always dealing with joints at which not more than two unknown forces are acting. 
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EXAMPLE 2. Let it be required to find the stresses in all the members of the truss in 
Pige20, -f — Socolbs., /= 50 fiCG = 10 ft. 
If the foregoing problem has been carefully followed, the student will have no difficulty 
in solving this or any similar problem. 
In example 2 we may find, if desired, the stresses in BF and DH at once, thus: Fig. 
27 (a) represents the joint B free; S,, S,, and S, are the stresses in the members cut. 
= vert. comp. = 0 gives at once S,— P=o, or S,=P; likewise in NESEAN (A Sy ean 2 
In general we see that if two of three unknown forces have the same line of action, the 
third may always be determined by putting = comp. perpendicular to this line of action =o. 
This principle is a very useful one. In the example above, after finding the stress in BF, we 
can find that in #C by equating components perpendicular to AG at joint f=0. In like 
manner CH can be found, and finally CG. 
EXAMPLE 3. Find the stresses in all the members of the first two 
panels in Fig. 20, Art. 31. 
EXAMPLE 4. Roof-truss (Fig. 28). P = 2000 lbs., 9 = 45°, a = 60°, 
/=60 ft. Find the stresses in all the members. 
Note.—Begin at / and find stress in D/, then pass to F, 4, etc. 
33. Third. Method of Sections.—In this method, in- 
stead of taking single joints, a section is passed through the 
structure cutting the members whose stresses are desired, and 
the equations of equilibrium applied to one of the portions 
into which the structure is thus divided. A part of the forces 
are thus external forces, and a part are due to stresses in the 
members cut. The portion of the structure considered usually includes several joints, and 
thus the forces are in general non-concurrent. This gives us three equations of equilibrium, 
and hence if we cut but three members (not meeting in a point) whose stresses are unknown, 
these stresses may be found. 
Another way of stating the equilibrium existing between the forces acting upon either 
portion of the structure, is to say that the stresses in any section hold in equilibrium the 
external forces acting upon either side of that section. Or, more in detail, 


Fic. 28. 


= vert. comp. external forces = & vert. comp. internal forces; 
= hor. comp. external forces = = hor. comp. internal forces ; 
= mom. external forces = 5S mom. internal forces. 


The equality is, however, one of numerical value but not of sign, as is seen by comparison 
with the fundamental equations of equilibrium. 
EXAMPLE 1 (same truss as in Fig. 26). Re- 
quired the stresses in BC, #C, and FG. We first find 
the abutment reaction, A’, by methods already given. 
Passing asection through the above members, separat- 
ing the portion to the left, and replacing the stresses in 
the members cut by the forces S,, S,, and S,, Fig 30, 
we may now apply our three equations. 2 vert. comp. 
VEER EDD =o gives R/— P+S, sin @— S, sin 8=0; & hor. 

comp. = 0 gives S, cos 6+ S, cos 6 — S,=0; 2 mom. about “=o 


Bives R x AB— S,X BF=0. These three equations enable us to find a: Sic 
= . . a 
the unknown stresses. The student may substitute peter values. is: 
; ; UE ara th t R < 
Notice that the last equation gives at once S, = wea sure - 


FIG. 3o. 


of moments being at /, the intersection of S, and S, Similarly, an 


equation of moments with centre at C will give S, directly, and one with centre at A will give 
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.. thus we may make use of three equations of moments. The lever-arms of the forces 
when not directly known can easily be computed from the given dimensions. 
EXAMPLE 2. Fig. 31 (same truss as in Fig. 28). Find the stresses in all the members 
by the method of sections. 

We first get R’ by treating the structure as a whole. 
Then passing a section mx, cutting but three members not 
meeting in a point, we separate the left-hand portion, put 
in all forces, and proceed to apply our three equations, 
Fig. 32 (a). 

We may use three moment equations, taking for centres 
of moments the points A, K, and C successively; or, as some 
of the lever-arms are tedious to compute, a better method 
would be to compute S, by a moment equation, centre 

moments at C, then use the other equations, the angles 6 and a 
py being given. In any case that equation should be used which 


§ . 


D gives the result sought in the simplest way. 
C Now S,, S,, and S, being known, a section of through DC, 
Sy 


DF, AF, and AB cuts but two pieces whose stresses are un- 
S$: known, Fig. (6). Moment equations with D and JA as centers 
a’ (a) Rr! (b) then give S, and S.. 

The stresses in dF and AB having been found, the stress 
in AD is readily found by passing a section through these three 
pieces, or what is the same thing, treating the single joint A. The stresses in the remaining 
members are found by methods similar to the preceding. 

It is often expedient to combine the method of sections with the preceding method ; 
thus in the present example the stress in AB may be found by passing the section mz, after 
which we may pass to the joint A, and thence by single joints. A single application of the 
method of sections to this problem to get the stress in AB thus enables us to apply the otker 
method in a regular way, beginning at A and passing to other joints in turn. 
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EXAMPLE 3. Roof-truss (Fig. 33) P = 3000 lbs. 


EXAMPLE 4. Bridge-truss (Fig. 34) P = 5000 lbs. 
sections. 


Find 2’ and R”, and the stresses in all the members. 
Find stresses in all the members by the method of 
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Il. Graphical Application of the Equations of Equilibrium. (Att. 30.) 
The Equilibrium Polygon. 


34. Conditions of Equilibrium of Non-concurrent Forces Restated.—Reproducing 
Fig. 16 (see Fig. 35), R, was found to be the resultant of 
P,, f,, P,, and P,; and the force R,’, such a force as would 
balance these four forces, thus forming a system in equilib- 
rium. The conditions of equilibrium were found to be, first, 
that the force polygon must close; second, that the posi- 
tion of the last force (X,’) must coincide with the last seg- 
ment (CY) of the equilibrium polygon. 

It was also noted that each segment of the equilibrium 
polygon is the line of action of the resultant of all the 
forces upon either side of that segment. This resultant is 
given in amount by that ray in the force polygon to which 
this segment is parallel. Its direction is Jrom Owhen it is 
the resultant of the forces on the left of the segment, and 
towards O when it is the resultant of the forces to the right. 

35. Resolution of the Forces.—Since R, is the result- 
ant of P, and P,, the sum of the horizontal components of 
P. and P, is evidently equal to the horizontal projection of 
R,. and the sum of their vertical components is equal to the 
vertical projection of R,. Similarly, R, with respect to P,, P,, and P,; and in general, the sum 
of the horizontal components and the sum of the vertical components of all the forces to the left 
of any segment are equal respectively to the horizontal and the vertical progections of the ray im 
the force polygon to which this segment ts parallel. 

36. Moments of the Forces.—It follows from what has already been shown, that the 
sum of the moments of all the forces to the left of any segment, as BC, about any point a, is 
equal to the product of the parallel ray in the force polygon, O3 (their resultant), multiplied 
by the perpendicular distance, a, from the point to the segment (the line of action of the re- 
sultant). Thus the sum of the moments of P, and P, about a = DBE TACO) boll cee Vet 1S BIN: 
eapouta— AK, < ad, etc. 

Let ac’ be drawn vertically through @; also project R, and &, upon a horizontal line. 
Then from the similar triangles 240’ and 033’, we have: 03 X ab = O3' X ad’, or the sum of 
the moments of ?,, P,, and P, about a = O03’ X ad’; and similarly the sum of the moments of 
P. and P, about a = 02’ < ac’. We have then this useful principle, that che sum of the 
moments of the forces to the left of any segment about any point 1s equal to the vertical ordinate 
from the point to the segment, multiplied by the horizontal progection of the corresponding ray mm 
the force polygon. It is evident that instead of vertical ordinates and horizontal projections 
we may use azy two directions at right angles. | 

The foregoing two articles apply equally well to the forces on the right of any segment 
if the system is a balanced one. peas 

The sign of the moment, or the direction in which it tends to turn about the point, is at 
once seen when we remember that the segment is the line of action of the resultant of the 
forces in question. Thus the moment of /, and /, about a is right-handed or positive, that of 
P,, P,, P,, and P, is positive, that of R,/ and P, is negative, etc. 
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37. Forces Parallel or Nearly so.—Given the forces P,, P,, P,, and P, (Fig. 36); re- 


5s. 
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quired their resultant. 

‘rhe force polygon (4) gives their resultant, 1-5, 
in amount and direction; 5-1 is a force which will 
balance the given system. Resolve this force into any 
two components, P” and P’, by drawing the triangle 
501, O being chosen so as to give fair angles at 1 and 
5. These components together with the given system 
will form a system in equilibrium, provided they are 
inserted in Fig. (a) in the proper position. The posi- 
tion of one of them, as P’, may be chosen at will, and 
the other will be given in position by the last seg- 
ment of the equilibrium polygon constructed for the 
forces P’, P,. . . P,, with O as the pole of the force 
polygon. The last force thus coinciding with the 
last segment, and our force polygon closing, equilib- 
rium is assured. The intersection, A, of P’ and P” is 
a point on the resultant of these two forces, and 


since 5-1 gives this resultant in amount and direction, it is therefore fully known. It is 
represented by &’ in Fig. (a), and since it balances P,. ..P,, an equal and opposite force, 


X, is the required resultant of our given system in amount, direction and position. 


Corollary.—Since the resultant of all the 
forces up to any segment applied along that 
segment would balance the remaining forces, 
it follows that the intersection of any two seg- 
ments of an equilibrium polygon is a point on 
the resultant of the intermediate forces. Thus 
the point B& is a point on the resultant of P, 
and P,; the line 1-3 in the force polygon gives 
the amount and direction of this resultant. 

38. Abutment Reactions.—When the 
given system of forcesactsupon a beam or frame- 
work supported at two points, the abutment 
reactions are themselves components of R’, Fig. 
36, and it is these two components that are 
usually desired. One point in each, the abut- 
_ ment, is given, and also usually the direction of 
one; the direction of the other and the magni- 
tudes of both, follow from the conditions of 
equilibrium. It will now be shown how these 
reactions may be fully determined. 

Let the forces P,. . . Pact upon any rigid 
structure ACS, Fig. 37, resting upon abut- 
ments at A and B (not shown in the figure). 
Suppose the end B to rest upon rollers and the 
end A to be fixed; the reaction at B will be 
vertical, that at _4 unknown in direction. 

Construct the force polygon, Fig. 


eee See 


\ 
[ee = 


/ 
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(4), as in the preceding article, choosing any point O 


as pole. Draw the corresponding equilibrium polygon, AabcdB’, inserting the force P’ at 


4; B’ is the intersection of P” 


with the vertical reaction at &. Draw. the dines Ae 


‘ 
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called the closing Line of the equilibrium polygon, and Ox parallel to it, meeting a vertical 
through 5, at z. Join x1. We have now resolved P” into the components 5z and 20, and 
P’into On and x1. Replacing P’ and P” by their components, inserted at 5’ and A respec- 
tively, we have the opposite and equal forces V’ and WV” acting along the same line AB’; 
hence they balance each other and the forces 7’ and 7” must alone hold Pisce f pinseguie 
librium. They are therefore the required reactions, as they fulfil all conditions. That they 
are components of 5—I, or A’, is seen from the force polygon. 

If the direction of 7” had been unknown and that of 7’ known, then we should have 
begun our equilibrium polygon at A instead of at A, and worked towards the left. 

If both ends of the structure are fixed, 7’ and 7” are parallel, which can be true only 
when they are both parallel to &’. In that case we know the direction of both reactions and 
our equilibrium polygon need not pass through either A or B as the extremities of the closing 
line are then the intersections of P’ and P” with lines through A and B parallel to R’.. Inthe 
above problem, under those conditions, dB” would be the closing line, and 52’ and w’1 the 
abutment reactions, BB” being parallel to 5-1, and On’ parallel to AB’. 

39. Resolution of the Forces.—In Fig. 37, the equal and opposite forces V’ and WV” do 
not really act upon the structure, they being virtually inserted at the time we assume a con- 
venient pole. They do not, therefore, enter among the external forces in finding stresses in 
the structure. It must be borne in mind, however, that these forces are always included when 
we speak of the segments of the equilibrium polygon as being the lines of action of certain 
resultants. 

The sum of the vertical and the sum of the horizontal components of all forces, actually 
acting upon the structure to the left of any segment, as dc, are evidently equal to the vertical 
and the horizontal projections, respectively, of their resultant, 73. If the force VV’ be included, 
the resultant of all forces to the left of dc is 03, the vertical and horizontal projections of which 
are equal to the sums of the corresponding components of the forces. 

40. Moments of the Forces (Fig. 37).—-The sum of the moments of WV’, 7’, and P, 
about any point x is, as in Art. 36, equal to the vertical ordinate ay multiplied Dy O2ZO2 
being the horizontal component of the resultant, 02, of the three forces. 

If now we wish to eliminate the moment of the imaginary force V’, we can take our cen- 
tre of moments upon AB’, its line of action, thereby reducing its moment to zero. Thus the 
sum of the moments of 7’ and P, about x,=-+,y xX O2'; the sum of their moments 


z (a) 

Fic. 38. 
“bout x, = 4,4, % O2', etc. To get their moments about x, we draw ax’ parallel to their 
resultant, 22. The sum of their moments about. all points in ax is the same, hence their 
moment about x = 2’y’ x O2'. The sign of this moment is deteimined by applying the force 
O2 along ad; as this force acts right-handed about +’, the above moment is positive. 
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41. Application to a Beam.—Let it be required to find the abutment reactions, 7’ and 
1", of the beam AB, Fig. 38, supporting the loads P,... P,. Beam fixed at each end against 
horizontal motion. 

Fig. (4) shows the force polygon; 1 2, . . . 6 being the load line, and O’ the pole. The 
reactions will be parallel to 6-1; A’ and &’ are their intersections with P’ and P’. We get 
for their values, 7’ = 1 and 7” =6x. The student may follow out the details of the 
construction. 

If we wish the sum of the moments of the real forces to the left of any section, sm, 
about the neutral axis, x, of the section*, we may, as in Art. 40, draw r+’ parallel to the 
resultant 73 of these forces (7’, P,, and P,), whence the required moment = UY GO 

Where many moments are required it will be more convenient to draw a new equilibrium 
polygon whose closing line shall pass through the centres of moments, or coincide with the 
neutral axis of the beam. This requires a new pole for our force polygon, so chosen that the 
equilibrium polygon, if made to pass through A, will also pass through &. The abutment 
reactions depending only upon the given system of forces and the positions of A and B, the 
point ~ in our force polygon will not be changed; and as the closing line is to be AB, the 
required pole must lie somewhere on the line xO drawn parallel to AB. With any point O 
on this line as pole, draw the force polygon, and beginning at A construct the corresponding 
equilibrium polygon; it will pass through B if accurately drawn. The vertical ordinate from 
the neutral axis of the beam to the polygon, multiplied by the horizontal projection of the 
proper ray in the force polygon, then gives the sum of the moments of all the forces actually 
acting upon the beam to the left or right of the centre of moments. This moment is positive 
for the forces on the left and negative for those on the right. 

42. Problem. To Pass an Equilibrium Polygon through Three Given Points.— 
Let P,, P,, and P, be the given forces (Fig. 39) and 
A, 4, and C the given points. 

Draw a force polygon, (6), with any pole O’, and 
the corresponding equilibrium polygon, AadcB’, pass- 
ing through the point 4, the reaction line, ee 
being drawn parallel to 4-1. Draw the closing 
line AS’ and the parallel line O'n; 4x and xi would 
be the abutment reactions were the given forces 
acting upon a beam with fixed abutments at 4 
and &. By the preceding article, the required pole 
lies somewhere on the line xO, drawn parallel to AB, 

In like manner treat the two forces P, and ven 
and the points 4 and C. The trial force polygon, 
O’ 1 2 3 and the equilibrium polygon Aaéde are 
already drawn. The resultant of P and P, is 1-3, 
and a line through C parallel to 1-3 intersects dc at 
C’. The closing line is AC’, and the line O’n’ dtawn 
parallel to it meeting 1-3 at 7’ determines the reac- 
tions at A and C for loads P, and-P,. In order that 
the required equilibrium polygon may pass through 
C, the pole of the force polygon must lie somewhere 
on the line 2’O drawn parallel to AC. Hence the 
required pole O lies at the intersection of 2’O and xO. 


FIG. 30. 


*The student is assumed to be familiar with the theory of flexure. If he has not studied this subject, he is 
referred to Chap. VIII. 
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43. Parallel Forces.—Let P,, P,, and P,, Fig. 40, be a system of parallel, and in this case 
vertical, forces acting upon any structure with abutments A and B. 

The abutment reactions, which are both vertical, are found in the usual way. The load 
line is the vertical line 1-4. The reactions 7” and 7’ 
= 4n and 1 respectively. 

The sum of the vertical components of the forces, or of 
the forces themselves, actually acting upon the structure 
to the left of any segment, is equal to the distance from x 
to the extremity of the ray parallel to the segment. Thus 
the'sum of 7’ and P, = 72; of 7’, P,, and P, = n3, etc. 

The sum of the horizontal components = zero. 

The sum of the moments of 7’ and P, about any 
point + =,as before, z’y X Om, where xz’ is drawn parallel 
to the resultant of 7’ and P, (vertical in this case), and 
Om is the horizontal projection of 02. Likewise the sum 
of the moments of 7’, P,, and P, about x, = x,'y, X Om, etc. The distance Om is here 
called the pole distance of the force polygon. We have then in general: For vertical forces, 
the sum of the moments of all the external forces to the left, or right, of any segment, about any 
point, 1s equal to the intercept on the vertical ordinate through the point included between the 
closing line and that segment, multiplied by the pole distance of the force polygon. 

If «'y X Om = sum of the moments of 7’ and P, about x, and xy’ X Om = sum of the 
moments of 7’, P,, and P, about the same point, then must yy’ x Om = moment of P, about 
a. That is, the moment of any force about any point is equal to the intercept on the vertical 
ordinate through the point included between the adjacent segments of the equilibrium polygon, 
multiplied by the pole distance. This is known as Culmann’s Principle. 

The above discussion applies equally well to parallel forces in azy direction, provided the 
abutment reactions are also in the same direction. When that is not the case, as when 
inclined forces act upon a structure where one end reaction is vertical, we must follow the 
general method of Arts. 38-40. 

44. Forces Taken in Any Order.—Suppose the forces P,, P,, P,, 
act upon the beam supported at A and 5. 

Lay off the load line 1-5, taking, for variety, the forces in the order P,, Pee andeer 
Draw the force polygon with pole O and the correspond- - 
ing equilibrium polygon, beginning at a point in the 
vertical through A. The equilibrium polygon is 
A'abcdB’, and the closing line A'S’. The line Ox drawn 
parallel to A’S’ determines the abutment reactions, 7” 
and 7’, these being equal respectively to 5” and x1 both 
in amount and direction; 7’ therefore acts downwards. 

The sum of the moments of 7’ and P, about x 
= 2#'y X Om and is negative. The sum of the moments 
of 1’, P.,.and P, about a point x, is not given bya single 
ordinate multiplied by Om, since the force /, does not 
come next in the construction. The sum of the moments 
of Z’ and P, about x, = %,'y, X Om, and the moment of 
P, = 22' X Om; hence, these moments being of the same 
sign, the required sum = (x,'y, + 22’) X Om. Similarly, 
the sum of the moments of 7’, P., P,, 7”, and FP, about 
Ly = (44, — 42/2.) X Om. Thus by a little inspection any desired moment may be found. 


and), is: Aino 
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Application to Framed Strucuures: 


45. First. To the Structure as a Whole to determine a portion of the external 


forces by means of the equilibrium polygon. 


EXAMPLE 1. Three equal cylinders, each weighing 1000 Ibs, (Fig. 42), B and C just 


S 


touching at £; surfaces smooth so that pressures are normal. Required the 


A reactions at c, d, ¢, and fand the pressures at g and %. 
V, Fig. 43 shows each cylinder with all external forces indicated. We have 
y Cee ) ! here three systems of concurrent forces in equilibrium, hence the force polygon 
d e of each system must close. 
Fic. 42. 


1 


First, the system acting upon A, P, and P, being unknown. 


In Fig. 44 (a) 


lay off Or = 1000 lbs., to scale; then draw 1-2 parallel to P,, and O2 parallel to P,, cutting 1-2 
at 2 (P. and P, will be inclined 30° from the vertical). Then 1-2 and 20 are the amounts of 


the forces necessary to close the polygon, 
when acting in the directions given by P, and 


P.. Therefore P, and P, are respectively 


equal to 20 and 1-2. Rosie: 

Second, the system acting upon B. The B /p Ao 
forces Q, and R, are unknown. In Fig. 44 (f ) g 
(6) draw Or equal and parallel to P, asfound = % 


from (a) but in the opposite direction; then 

1-2 vertically and equal to 1000 lbs. The | 
lines 2-3 and 30 drawn parallel to &, and Q, 

close the polygon, and give these forces in 
amount. They are thus fully determined. 


Fic. 43. 


Re 


Fic. 44. 


Third, the system acting upon C. A figure (c) similar to (0) gives K, = 2-3 andsOl = 20: 
The numerical values are found by scale to be as follows: P, = P, = 580 lbs.; Q, = Q, 
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We see from the above that two unknown forces in any concurrent system are easily 
found by closing the force polygon by lines parallel to the directions of these two forces. 
A few examples will now be given as a further illustration of the application of the 
equilibrium polygon in finding abutment reactions. 


EXAMPLE 2 (same truss as in Fig. 18). The unknowns 
are AG and ¢: 

We have here a system of non-concurrent forces in equi- 
librium, and hence the two conditions: their force polygon 
must close and the last force must coincide with the last seg- 
ment of the equilibrium polygon. Beginning with the known 
forces, Wand G, draw the corresponding portion of the force 
polygon, O 1 2, and the ray 02; also the segment AB, parallel 
to this ray. The direction of RX’ being known we take this force 
next in order; 4 is its intersection with AB. The amount of 
X’ being unknown, we cannot at once draw the next ray in the 
force polygon and so get the direction of the next segment of 
the equilibrium polygon. We know, however, that this next 
segment must coincide with the last force R’’, and hence must 
pass through £; AZ is therefore this segment. The ray O3 is 
then drawn parallel to BE to its intersection with the line 
2-3 drawn parallel to R’. The figure O 1 2 3 O is a closed 


polygon, and X’ and R” are respectively equal to 2-3 and 30; BB is the line of action of R”. 
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EXAMPLE 3. Find graphically the abutment reactions of the truss in Fig. 20, a case of parallel forces, 


EXAMPLE 4. Given the roof-truss, Fig. 46, with loads P, ... P, and wind-pressures 
W,, W,, W,. Required the abutment reactions, 


R’ and R”: first, when the horizontal thrust due 
to wind is taken up by each abutment, the 
truss being fixed at both ends; second, wher 
one end is on rollers, the other end taking all the 
thrust. 

Construct the force polygon (a), laying off the 
forces in any convenient order. The order chosen 
is P,, P,, P,, W,, W,, etc.; 1-9 is their resultant. 
Since many of the forces are parallel, it will be 
necessary to resolve g-1 into the components P’ 
and P” by selecting a pole O. Draw the rays 
O2, O03, etc., and construct the corresponding 
equilibrium polygon, beginning at any point J’, 
ona line through 4 parallel to 1-9. In construct- 
ing this polygon we must be careful to take the 
forces in the same order in which they occur in 
the load line. The polygon is A’abcdefghB’, A’ B’ 
being the closing line. The line Ox drawn par- (@) 
allel to A’B’ gives the 1equired reactions ; R’ = m1 
and A” = on. 

If, for example, the left end be on rollers, the only part of R’ acting upon the truss at A 
{s its vertical component, = V1. Its horizontal component can be applied only at 2, another 
point in the line of action of this component, and a point where the truss is fastened to the 
abutment. This horizontal component, z/V, combined with R”, or gz, gives 9/V as the result- 
ing reaction at B. 

For this last case the reactions might have been found directly by following the method 
of Art. 38; that is, by beginning our polygon at 4, the fixed end, and ending it in a vertical 
through A. The closing line would have been some line BA”, and the line in the force poly- 
gon parallel to it would be ON, giving the same reactions-as found above. 

46. Second. To Single Joints to Find Stresses: Maxwell Diagrams.—lIn this method 
we first find the abutment reactions either algebraically or graphically, then, commencing at one 
abutment, find the stresses in the members at successive joints 
by means of force polygons only. We must always, as in the 
analytical method, select joints at which there are but two un- 
known stresses; or if there are three, we can determine one if 
the other two have the same line of action. 

EXAMPLE<1 (Fig. 47). P, and 2, each = soodbs “77 
1000 lbs.; dimensions as given. Required the stresses in the 
members. 

We see at once that R’ = R” = 1000 lbs. For joint / we 
lay off in (a), O1 = 1000 lbs. by scale, and parallel to A’; 1-2 
= 500 lbs. downwards; and 2-3 and Q3 parallel to the pieces 
/m and lu respectively. Then 2-3 = stressin /m, and, pointing 
in the direction m/, it indicates compression ; 30 = tensile stress 

Fic. 47. in Zz. Fig. (6) is the force polygon for joint m, 2-3 being the 
compression in o and 30 the tension in mn. The other joints are treated similarly. Scaling 
off the stresses from the force polygons we have the following results: stress in dw = stress 


Fic. 46. 
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in #o = 1800 lbs. compression. Stress in /z = stress in wo = 1580 lbs. tension. Stress in 
mn == 1000 lbs. tension. 

Instead of drawing a separate figure for each joint, we may combine the force polygons 
into a single figure, using each line twice as being common to two polygons. The combined 
figure may be called a stress diagram. A convenient notation to accompany this method is 
to letter each triangle of the truss, and also each space between the external forces, as in 
Fig. 47. Each piece and each external force is then known by the two letters in the adjacent 
spaces, as the piece CF, the load CD, etc. E 

Let us apply this method to the truss in the figure. We will find it convenient to lay off 
the loads and reactions at once, forming the load line BZ, Fig. 48, the loads being lettered to 
correspond with Fig. 47. The abutment reactions are AA and AB. (If these are found 

graphically by means of an equilibrium polygon, we will have our load line 


: already laid off.) Beginning as before at joint 4 the force polygon for that 
joint will be ABCFA ; CF the stress in piece C/, and FA that in piece FA. 

- The nature of these stresses is easily determined by following around the 

F 2 polygon. Passing to joint , the force polygon will be FCDGF, in which /C 
Bie: & and CD are already drawn. The force FC of course acts in the opposite direc- 


tion from what it did upon joint 2. The polygon for joint is AFGA, and for 0 
is AGDEA, EA being the abutment reaction: its coming out so isacheck upon the work. In 
treating a joint always begin with the piece farthest to the left whose stress is known, and then 
pass around right-handed. Thus, at joint # the forces #C and CD are known; begin then 
with #C and pass to D,G, and F; etc. If o had been the starting point, the opposite mode of 
procedure would have been the most convenient. 

EXAMPLE 2. Required the stresses in the roof.- foo pce oe 
truss of Fig. 49. Loads VO and VW each = 1000 
lbs) | allecothers!== 2000 “lbss4 Span =<100" ft, 
rise = 35 ft.; distance from apex to horizontal tie, 
AW, —20-ite; all struts; AB, CD, Lk etc. are 
normal to roof. 

The load line is VW; abutment reactions, 
WM and MN. The stress polygons for the first 
three joints, beginning at the left, are readily drawn. 
At the third upper joint (BPQ, etc.), however, the 
stresses in the three pieces CD, DE, and EQ are 
unknown. Asin Art. 32, Ex. 4, we may pass to the 
next upper joint, find the stress in EF, then in ED, 
and finally the stresses in CD and QE. As to the 
stress in £#':—From Q and R draw the indefinite 
lines QE’ and RF’ parallel to the pieces QE and 
RF, The stresses in the pieces QE and RF are 
unknown, but whatever they are, the stress in EF ; 
must be such as to close the force polygon E’QRF’ when drawn parallel to the piece HF. The 
line /’&’ then gives this stress, a compressive one. To get the stress in £D we may in a similar 
manner draw the indefinite line /’D’ parallel to piece YX, then the line E’D’ parallel to piece 
ED; D'E’ will be the required tensile stress. Knowing ED, we may now pass to the third 
upper joint. The portion CBPQO of the force polygon is already drawn. Taking the piece 
£D) next in order, its stress being known, draw QD" equal and parallel to £’D’; then D’D 
parallel to QE, meeting CD at D. We have then D’D equal to the stress in QF, and DC 
that in piece DC. The forces may now be arranged in proper order, Q, £, D, C, in the 
force polygon. The remaining stresses are easily found. 


, 


w----~ 95"-- 
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An easier solution of the above example is now seen from the diagram. It depends upon 
the fact that , 7, A and B& are in the same straight line, 


and to find & and F we have only to produce AB to cut 
the lines QE and R/. We may then draw FX parallel to 
the piece #X, and CY) likewise, thus determining the 
point D. The half diagram is completed by drawing YW 
and DE. This method is applicable only when the struts’ 
are normal to the roof, and when the secondary truss VS 
is symmetrical about CD. 

To aid in distinguishing the nature of the stresses, 
lines representing compressive stresses may be made heavier 
than those representing tensile stresses, or different-colored 
inks may be used. Where the loads are symmetrical it is 
necessary to draw but one half the stress diagram, the 
stresses in corresponding members of the two halves of the 
structure being equal. Where this is done, however, the 
work should be checked by computing a few of the stresses 
by analytical methods. 

Fig. 50 shows a truss with accompanying stress dia- 
gram. A portion of the loads are inclined, due to wind- 
pressure from the right. Rollers under right end; XV = right abutment reaction, VO the 
left. 


Fic. 50. 


EXAMPLE 3. Find all stresses in the bridge-truss shown in 
c! Fig. 51. Each load = 30,000 lbs. 


47. Special Application.—In case we-desire the 
stresses in but one or two members of the structure 


| al iF |4 pe] 
R ir ecw ots Oa ey te 
FIG. 51. 


when under a given loading, the preceding method 
“necessitates the finding of all the stresses up to the ones 

in question, and thus is a much longer process than the 
analytical method of sections. Where there are no loads between one of the abutments and 
these members, as is frequently the case, we may find the desired stresses very quickly by 
graphics as follows: 

Suppose we wish to find the stresses in the pieces CD, DE, and EF (Fig. 51), there 
being no loads to the left of a. 

Pass a section through these pieces. Fig. 52 shows the left-hand 
portion free, with the forces put in; $,, S,, and S,are the unknown 
stresses. (The load P is not at present supposed to exist.) Now 
* these stresses with A’ form a balanced system whose equilibrium 
is independent of the shape of the structure acted upon. We may 
therefore replace the portion Aecd by a single triangle, Acd, the 
structure still being a rigid one. If we then begin at A and find 
the stresses in the members of this new structure, the force polygons 
for the joints c and d will give us the required stresses. The complete diagram is given in 

Fig. 53. Beginning at /; FC is the abutment reaction R’ (R’ is best found 

= = ° analytically); FCGF, the force polygon for joint A; /GEF, that for joint d, 

“oe s+ there being no stress in piece cd, as it exists in our new structure; EGCDE 

is the polygon for joint c.. We have then EF = S,, CD=S,, and DE= S,. 

If we desire the stress in c¢ as a part of the original truss, we may pass to 

joint c of that truss. There are but two unknown stresses. The force polygon EDCG’E£ 
gives these stresses; G’E = stress in cd. 

If there be also a load at d, our triangle, Acd, will still give us a rigid structure. The 


FIG. 53. 
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stress diagram will then be as in Fig. 54, where /’/ = load P. Let the , $1 c 

student find the numerical values of the stresses in both cases, each load eel 

being equal to 30,000 lbs., and compare with those found in Ex. 3, above. ce & F 
: Tense 


48. Third. To a Part of the Structure, using Successive Sections 
commencing at One End.—If we pass a section through a structure, cutting but two mem- 
bers whose stresses are unknown, the single condition that the force polygon, drawn for the 
forces acting upon one portion of the structure, must close, will enable us to find the stresses 
in these pieces. Commencing at one end of a structure and passing a section cutting but two 
pieces, we can determine their stresses; then passing another section cutting three members, 
one of which has already been treated, we can find the stresses in the other two, and finally 
by successive sections we can determine all the stresses by simple force polygons. 

Take, for example, the truss in Fig. 55. Lay off at once the load line, WR (Fig. 56); RA 
and Ad/ are the reactions at right and left abutments, found by 
any method. Pass a section through ABM, cutting two pieces. 
A simple force polygon, AWB (Fig. 56), gives the stresses in 7B 
and BA, 

(In this case it is more convenient to work 
left-handed, the forces in the load line being 
laid off in left-handed order in the sense of 
rotation about the truss.) 

Now pass a section through ABCN. The 
stresses in BC and CW are unknown. Fig. 
55 (2) shows the portion to the left of the sec- 
tion free. The forces acting are AW, MN, 
NC, CB, and BA, and since they are in equilibrium their force polygon must close. The 
portion BAMWN (Fig. 56) of the polygon is already drawn; VC and CB drawn parallel to their 
respective pieces closes the polygon and determines the stresses in these pieces. Next pass a 
section through ADCNV; CD and DA are the unknown stresses. Fig. (2) shows the portion 
of the structure considered. Of the force polygon for the forces there acting, the portion 
AMNC is drawn. The lines CD and DA close the polygon and determine the unknown 
stresses. In like manner proceed throughout the structure. The complete stress diagram is 
given in Fig. 56. 

While the above is a different method than that given in Art. 46, yet the resulting dia- 
gram is precisely the same as would have been obtained by that method, the force polygon 
for any joint being given directly in the figure. Moreover, if we pass any section whatever 
through the structure, the polygon of the forces acting upon either portion will be given by 
the diagram. Thus, passing a section dm, the forces acting upon the left-hand portion are 
the loads, abutment reaction, and the stresses in the members cut. Their force polygon 
is AMNOPHGFEDCBA, a closed figure. Likewise with the portion on the right. 


48a.* Review of Fundamental Principles.—We have seen that there are three funda- 
mental equations of equilibrium which may be applied (a) to the structure as a whole; (0) to 
any flexible joint of the structure; (c) to any part of the structure when cut by a section and 
one portion removed. Since these are all the fundamental equations, or propositions, which 
can be made use of in solving statically determinate structures, we will here restate them, and 
the student should fix them firmly in his mind, and constantly recur to them whenever a new 
problem in structural analysis is.presented to him: 


(a) 


PIG. 55: 


I. FUNDAMENTAL PRINCIPLES APPLIED TO THE STRUCTURE AS A WHOLE. 


If a structure is in equilibrium under the action of external forces, 
1. Lhe sum of the vertical components of these Sorces ts equal to zero ; 
2. [he sum of the horizontal components of these Sorces 1s equal to zero; and 


* This article added by J. B. J. in the seventh edition to replace a graphical method of moments given in previous 
editions, ; 
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; 3. The sum of the moments of these Sorces, taken about any point in the plane of their action, 
as equal to zero. 


Il, FUNDAMENTAL PRINCIPLES APPLIED TO ANY FLEXIBLE JOINT IN THE STRUCTURE. 


If a jointed structure is in equilibrium under the action of external forces, 
4. The sum of the vertical components of the external Jorces and internal stresses meeting at 
any gotnt ts equal to zero ; 


5. Lhe sum of the horizontal components of the external forces and internal stresses meeting 
at any joint ts equal to zero; and 

6. The sum of the moments of the external forces and internal stresses meeting at any joint ts 
of necessity zero, since they are concurrent. (No use can be made of this proposition in structural 
analysis, and it is given here only for completeness.) 


Ifl. FUNDAMENTAL PRINCIPLES APPLIED TO ANY PORTION OF A STRUCTURE ON ONE SIDE 
OF VA SECTION: 

If a structure (or a beam), in equilibrium under the action of external forces, be cut by a 
section, 

7. Lhe sum of the vertical components of the stresses in the members (or fibres) cut is numer- 
ically equal to the sum of the vertical components of the external forces acting on either side of 
this section ; | 

8. The sum of the horizontal components of the stresses in the members (or fibres) cut ts 
numerically equal to the sum of the horizontal components of the exterual forces acting on etther 
side of the section; and . 

9g. The sum of the moments of the stresses in the members (or fibres) cut 1s numerically equal 
to the sum of the moments of the external forces acting on either side of the section when both are 
taken about the same point. 

Of these nine propositions only five are commonly used, these being the ¢#erd, for finding 
algebraically the supporting forces, Art. 31; the fourth and fifth, which give rise to the Mar- 
well system of diagrams, Art. 46; the seventh, the summation in which is called the shear on 
the section; and the zzzth, which is used most of all, and gives rise to the algebraic method of 
moments, Art. 33. . : 

Although all of these propositions may lead to both algebraic and graphical solutions, the 
only graphical solutions which are in very common use are those of the Maxwell diagrams, 
founded on propositions four and five, and explained in Art. 46. While the number of ap pli- 
cations here given of this method are few, if the student has mastered the prznciples on which 
this system is based he can safely be trusted to apply it to other cases. This method is com- 
monly employed in the analysis of stresses in roof-trusses, and_sometimes in trussed arches. 
The common analysis of bridge trusses is based on propositions seven and nine, using the 
method of sections. The vertical component of the external forces on one side of the section 
is now the algebraic summation of the loads and the supporting force on one side, and this is 
called the skear on the section. If the two chord members cut by the section are both hori- 
zontal, then the shear is wholly resisted by the web member cut by the section, and hence the 
shear is the vertical component of the stress in that member. This, multiplied by the secant 
of its angle with the vertical, gives the stress in the member.* The stresses in the chord mem- 
bers are found by taking the centres of moments at the intersections of the web member with 
the opposite chord. The moment of the external forces on one side of the section about this 
point, divided by the height of the truss in this case, gives the stress in the chord member. If 
the chords are not parallel, then all the stresses may be found by proposition nine, as the cen- 
tre of moments can be taken, for any one of the three members cut, at the intersection of the 
other two, and this is the common method employed when moving loads are to be provided 
for. When the loads are fixed (that is to say, not moving), as in roof-trusses, the Maxwell 
diagrams are commonly employed. When solving for moving loads these loads have a oe 
ent position for every pair of web and chord members, and hence as many cust e 
have to be drawn as there are load systems, if graphical methods were employed. By using the 
method of sections, however, with shears and moments treated algebraically, Be stress in any 
particular member can be found at once for any set of loads as soon as one of the supporting 

ted. : 5 
a awith Unitorm Load.—Law of Variation of Moment (Fig. 58).—Beam with 
uniform load = p |bs. per foot. Required the moment of all external forces upon either side 


3 -- en "Tepe, Caer eee emi the trigonometrical functions it 
i t the sides of a right-angled triangle, instead of using g BS 
i ‘ Nags re rice the rule: Divide the stress by the parallel dimension and multiply by the desired aun 
‘i kato wine the vertical component, to find the stress in the diagonal member divide by the height of the truss 
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and multiply by the length of the diagonal, 
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Kk pl of any section, about the neutral axis of the section (called the 
LLL 8B bending moment in the beam). 


i eye . * . 
i ES pesta ee ie ae ee a The equilibrium polygon A’cB’ will be a curve whose ordi- 


nates, measured from the closing line, will be proportional to 
the required moments; and if we make our pole distance, Om, 

unity, they will be equal to them. To derive the equation of 
a" a this curve we will therefore find the law of variation of these 


4 ; ; moments. Fig. 58 (a2) shows the portion to the left of a section, 
Sas i km, taken at a distance x from the centre. The external forces 
a b 
Z : Z ; 
Fic. 58. are the load, al£ = x), and the abutment reaction, a Their 


moment about a is iy : ; 
yr wee 
w= (5-2) 25 2) = 3h! eee ee te ch OP (6) 
This is the equation of a parabola with axis vertical and whose vertex is at c,a distance = $p/’ 
below the origin c’. This parabola being drawn, the ordinates from the line A’B’ to the curve 
will give the required moments. 

A convenient way of drawing the parabola is to lay off B’/6 = cc = gf’; then divide B’d 
into any number of equal parts and A’c’ into the same number. Draw the lines 1,029 6Ccr, 
and the verticals through 1’, 2’, etc. The intersections of corresponding lines will be points 
on the curve. 

50. Truss with Uniform Load.—Law of Variation of Moment.—lIn framed structures, 
uniform loads are carried to joints usually by means of sec- 
ondary members, and it is these joint loads only which act 
upon the structure as a whole. For example, in Fig5oca 
uniform load of # lbs. per foot will be given over to the truss 


in five concentrations at C, D, E, F, and G, each = pd, where 
d@ is the panel length; and two loads at A and B, each = S 


The total load = f/ and the abutment reactions each — a 


The uniform load to the left of any joint, as &, is concen- 


De er a 
= trated at the joints A, C, D, and &, a being the loads at 4 
m 
= and & due to this portion of the uniform load. The mo- 
(a) ment of these joint loads about & is evidently the same as 


FIG. 59. 
the moment of the uniform load to which they are equiva- 


, Z 
lent, and the abutment reaction R’ being equal tok, we see that the moment of all the exter- 


nal forces to the left of Z is given by the ordinate aa’ to the moment parabola constructed 
for the uniform load of Ibs. per foot. The vertices of the equilibrium polygon drawn for the 
joint loads, therefore, lie on this parabola. 

If we take our centre of moments at any other point than a point in a load line, as at mM, 
the moment about m of all the external forces (joint loads and abutment reaction) to the left 
of m is given by the ordinate #2’, drawn to the Proper segment of the equilibrium polygon, and 
not by the ordinate £2” to the parabola, as would be the case were the uniform load acting upon 
a beam. We can see this more clearly by actually computing the moments in the two cases, 
For the truss, the moment can be written in the form: R’ x « — [tpdx + pd X (x —d) 4+ dod x 
(* — 2d)| — $pdz. For the beam, Fig. (a), the moment is R’ x x — [2pd x (# — d)] — dpe’, 
The quantities within the brackets in the two expressions are equal ; they are the moment about 
m: of the portion of the load upon the length AD. The moment upon the beam is greater, 
therefore, than the moment upon the truss by ¢pdz —4p2". This is seen to be the bending 
moment at m in the secondary member, DE, produced by the uniform load in the panel. 
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. CHAPTER SITE. 
ANALYSIS OF ROOF-TRUSSES, 


LOADS AND REACTIONS. 


51. Dead Load.—The dead or fixed load supported by a roof-truss is made up of: the 
weight of the truss itself ; the roof, including roof-covering, sheeting, rafters, and purlins; and 
sometimes the weight of ceilings and floors suspended from the truss. The roof being designed | 
first, its weight can be directly computed, as can be also the weight of ceilings and floors. 
The total weight of roof will vary from 5 to 30 lbs. per square foot of roof-surface. 

The weight of the truss can only be approximated. From actual calculations it is found 
to be equal to about y1/ Ibs. per square foot of area covered, where / = span length in feet ; 
or, if 6 = distance between trusses, then the total weight of one truss = 
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For short spans the weight of the truss is small compared with the total load, and an error 
in its assumption is correspondingly unimportant. " For long spans, however, the error 
becomes larger, and if, after a preliminary design, it is found to be excessive, the weight must 
be reassumed in accordance with the design and the computations revised. 

52. Live Load.—The live or variable load consists of the wind load, snow load, and floor 
loads, if any. The maximum wind pressure on a surface normal to its direction is variously 
estimated at from 30 lbs. to 56 lbs. per square foot. Some experiments made by Sir Benjamin 
Baker during the erection of the Forth bridge* indicate that the pressure per unit area upon 
large surfaces is considerably less than upon small surfaces. The ratio of the unit pressure 
upon an area of 14 square feet to that upon an area of 300 square feet varied from 1.3 to 2.5, 
being on the average about 1.5. The highest pressure recorded during the seven years over 
which the observations extended was 41 lbs. per square foot upon the smaller surface and 
27 lbs. upon the larger. As the gales experienced in that vicinity are very severe, it seems 
reasonable to assume, for ordinary cases at least, a wind pressure of 45 lbs. per square foot 
upon small surfaces and 30 lbs. upon large ones. 

According to experiments recently made upon Mt. Washington by Asst. Prof. C. F. Marvin, 
U. S. Sig. Service,t the relation between wind pressure and velocity is given very accurately 
by the formula ~ = .004V’*; where u = pressure per square foot and V = velocity of the wind 
in miles per hour. These experiments were made upon surfaces of 4 and 9 square feet, the 
unit pressures on each being practically the same. The difference in area was, however, 
probably too small to detect any slight difference in unit pressure which may have occurred. 
Our assumed value of 45 lbs. corresponds by the above formula to a velocity of 105 miles per 
hour, and thus would seem to cover any case short of a tornado which would destroy almost 

‘any building supporting a roof. 

The longitudinal component of the pressure of the wind upon a roof is zero for smooth 
roofs and nearly so for any. The normal component is usually computed by the empirical 
formula established by Hutton’s experiments, i.c., 
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* See Lon. Engineering, Feb. 28, 1890. {See Eng. News, Dec. 13, 1890, 
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where z’ = normal component, # = pressure per square foot on a vertical surface, and a = 


angle of inclination of the roof with the horizontal. The following values of w’, for “u = 30 lbs., 


are computed for various values of a: 


a u’ a u’ a an! 
Aare weit 3.9 25? Serger: 16.9 7 AAR 2730 P 
TO masts: se BO ar vars 19.9 SO neers 28.6 
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For @ greater than 60°, 7’ is taken at 30 Ibs. 

The snow load is estimated, according to the locality, at from 10 lbs. to 30 Ibs. per square 
foot of horizontal projection, the weight of new snow per cubic foot being from 5 lbs. to 12 
lbs. according to its dryness. Snow load need not be considered where a is greater than 45° to 
60°, depending on the smoothness of the roof. 

The loads upon floors vary from 50 lbs. per square foot to 200 lbs. or more, according to 
the use to be made of the building. In any case the load anticipated should be approximated 
as nearly as possible. 

53. Apex Loads.—The weight of the roof, and the wind and snow loads, are transferred 
to the truss by means of the purfius. In large roofs the purlins should, if possible, be placed 
upon the trusses at the joints; but if it is necessary to place them between joints, the members 
of the upper chord supporting them must be designed to resist as a beam as well as a com- 
pression member of the truss. 

The snow and roof loads being vertical and uniformly distributed over each panel, the 
joint loads are each equal to one half the sum of the adjacent panel loads. Thus the load at 
b, Fig. 60, is equal to one half the panel load on dc plus one half the 
panel load on ad. The snow load on the panel ad is of course less 
per square foot of roof than on dc. The wind load at 4 is equal to 
one half the wind load on dc combined with one half the wind load 
on aé, the load on each panel being normal to the surface. If all 
panels in one half the truss lie in the same plane and are equal, then 
all joint loads are equal. 

The above applies only when the purlins are placed at joints. If placed at intermediate 
points, the loads on the purlins are found as above and divided between adjacent joints in the 
inverse ratio of the distance of these joints from the purlins. 

In roofs of ordinary span it is usual to attach the shingles directly to small angle-iron 
purlins. In this case the roof load may be treated as a uniform load upon the truss, both in 
getting apex loads and in computing the bending moment in the upper chord. 

The weight of the truss may be considered as applied equally at each of the upper joints. 

54. Reactions.—For snow and dead loads both reactions are vertical. For wind load the 
reactions depend upon the manner of supporting the truss. .If both ends are fixed, the wind 
reactions are parallel to the resultant wind load ; if one end is free to move, i.e., on rollers or 
supported on a rocker, the reaction at this end is vertical and that at the fixed end follows 
from the analysis. If one end be fixed and the other merely supported upon a smooth iron 
plate, the reaction at the free end may have a horizontal component equal to the vertical 
component multiplied by the coefficient of friction, which is about 4. 
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55: Forms of Trusses.—A few of the standard forms of trusses are shown in the adjoin- 
ing figures. 


a 


_e 
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Fig. 61 shows a French or, as it is sometimes called, a Fink roof-truss. It is a very 

common and economical form for trusses up to about 150 feet 

span. The struts dc, de, etc., are placed normal to the roof. 
These with the upper chord are 
made either of wood or iron, 
The other members are ties and 
are made of iron. 

Fig. 62 is a common form for 
wooden trusses. The verticals are iron tie-rods. A special diagram for this form of truss is 
described in Art. 81, p. 66. ey 

Fig. 63 is a quadrangular truss adapted especially to roofs of small rise. It is constructed 
of iron, riveted joints being used for short spans and pin connections for long spans. 


Fic. 61. Fic. 62. 


Fic. 63. Fic. 64. 


The crescent or sickle truss, Fig. 64, with either a single or double system of web 
members, is a good form for comparatively large spans. Riveted iron-work is used throughout. 
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For very long spans, as for train-sheds and the like, 
some form of the arch-truss is often used. Fig. 65 is an 
Fic. 654. outline of the arch-truss of the train-shed of the Penn- 

sylvania Railroad station at Jersey City. The arch is 
hinged at A, B, and C. The horizontal thrust at the abutments 1s resisted by means of 


a tie-rod, AB, placed beneath the floor. 
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If an arch has no hinges, or has but the two hinges at the abutments, the stresses depend 
upon distortion as well as upon the static load. These forms are treated in Chapter XIV. 

56. Analysis of a French Truss.—In the analysis of a roof-truss we must find the 
stresses due to dead load and combine them with the stresses due to live load so as to get 
the greatest possible tension and compression in each member. As there are but three or 
four different possible loadings for roof-trusses, the graphical method is well adapted to their 
calculation, it being necessary to draw but one diagram for each loading. Where the pieces 
of a truss have many different inclinations the algebraical method is exceedingly tedious; but 
if that method is preferred, the truss should be drawn to a large scale and all lever-arms 
scaled from the diagram. The application of the principles of Arts. 32, 33, will then enable 
the stresses to be readily computed. 

A complete graphical analysis of the truss of Fig. 49, p. 28, will now be made. Span 
— jo0 ft.; rise = 35 ft.; distance apart of trusses = 20 ft.; roof divided into eight equal panels ; 
rollers at A. Length of one side of roof = V50° + 35° = 61.0 ft. Angle a= 35°. 


Let D — total dead load, S = total snow load, W = total wind load upon either side, 
P, =: panel dead load, P, = panel snow load, and P,, = panel wind load. 
From Art. 51, eq. (1), the weight of the truss may be taken at bl, =a xX 20 X 100)s = 
Taking snow load at 20 lbs. per square 
Cc foot of hor. proj., we have S = 40000 lbs. 
CoS! 
is 22.6 lbs. per square foot. Whence, W = 
0 «60. 22.6 & 20K 61.0 = 27570 lbs. wanda 
feet to an inch), we proceed to draw the 
diagram for dead load, Fig. 67 (a). Each 
line AA’. The abutment reactions are A’L 
and LA, each= 4$A’A. Beginning at A, the 


8333 lbs. Assuming weight of roof at 15 lbs. per square foot, the total weight = 15 X 2 X 
61.0 X 20 = 36600 lbs. Total dead load, or 
Dead Load 
ae and P. = 5000 lbs. 

eC The normal component of the wind 

4W = 6890 lbs. 
After drawing the truss carefully to 
joint load = P, = 5620 lbs., except the loads 
at the end joints, each of which = $P; = 2810 
diagram is drawn exactly as in Art. 46, Fig. 49. The scale actually used in the calculations 
was 5000 Ibs. to one inch, In the diagram, heavy lines denote compression, light lines 


Wind 
Roller Side 


A D, = 44933 lbs., and P; = 5620 lbs. 
SZ} : 
: pressure, according to Art. 52, with a = 35°, 
scale (the scale used should be from 10 to 20 
lbs. These loadsare laid off to form the load 
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tension. The stresses in the members due to dead load are given in the second column of the 
following table; they were readily scaled off to the nearest hundred pounds. The stress in 
Lg is given as 18700 lbs., while by actual calculation it is 18733 lbs. 

The diagram for snow load will be a figure similar to the one for dead load, and the 
stresses in the two cases will be proportional to the corresponding loads. If we multiply 
each dead-load stress, therefore, by 49999, we will have the corresponding snow load stress. 
These are best found with the slide-rule ; they are given in the third column of the table. 

For wind stresses we must consider the wind blowing first from one side, then from the 
other, since the abutment reaction at the roller end must in both cases be vertical, and the 
stresses produced in the two cases will therefore not be symmetrical. Fig. 67 (0) is the diagram 
for wind from the left. The load line is AZ’. The abutment reaction, LA, at A, is easily 
found by putting 2 mom. about A’=0; the force polygon AZ’L then gives the other 
reaction, A’Z. Beginning at A, the diagram is readily constructed. It will be found that 
there are no stresses in f’e’, e’d’, etc. Column 4 gives the stresses found from the diagram. 
It is seen that the stresses in the pieces Lg, gf’, gd’, La’, and Lc’ are compressive, whereas 
they were tensile for dead load ; the resultant stresses are, however, all tensile. If the roof 
had a greater rise, the compressive stresses due to wind load would be increased; and if the 
rise were great enough, they would be greater than those due to dead load and the resultant 
stresses would be compressive. These members would then need to be counter-braced. 

The diagram for wind pressure on the right is given in Fig. 67 (c). The load line is A’E. 
The reactions are found as before and the diagram then drawn. The stresses thus found are 
given in column 5. 

The maximum stress of each kind in each piece is now obtained by combining with the 
dead-load stress, whatever possible combination of the snow and wind load stresses will give 
the greatest total tension and the greatest total compression. Column 6 gives these maximum 
stresses. It is seen that no piece is ever subjected to counter-stresses. 


TABLE OF STRESSES, 


Member. Dead Load. Snow-load. Wind from Left. Wind from Right. Maximum. 
Ba 43400 39100 -+ 24500 _ + 18700 -L 107000 
Co g Noise ie Soics -L 24500 + 18700 3 + 100800 
De ++ 36950 -| 33250 -| 24500 -+ 18700 -- 94700 
Ef ++ 33700 --+ 30300 + 24500 ++ 18700 + 89500 
ab + 4600 + 4100 ++ 6900 + 15600 
cd + 9200 + 8300 + 13800 -+ 31300 
ae + 4600 -- 4100 + 6900 + 15600 
be — 5150 -- 4650 = 7700 — 17500 
de — 5150 — 4650 — 7700 — 17500 
La — 35850 — 32200 — 18300 — 15500 — 86400 
Le — 30700 — 27600 — 10600 — 15500 — 73800 
Lg — 18700 —' 16800 + 4400 — I4100 — 49600 
gd — 13600 — 12300 — 14600 — 2700 — 40500 
ef — 18800 — 16900 — 22300 — 2700 — 58000 
ef’ — 18800 — 16900 + 700 — 25800 — 61500 
gd’ — 13600 — 12300 + 700 — 18100 — 44000 
Nice — 30700 — 27600 + 4800 — 31000 — 89300 
5a! — 35850 = 32250. | + 4800 — 38700 — 106800 

wart? f — 5150 — ~ 4600 — 7700 — 17500 
Be! — 5150 = 4600 a Od =, 17500 
aes + 4600 + 4100 -- 3900 + 15600 
Gar -+ 9200 " + 8300 ++ 13800 + 31300 
ab + 4600 + 4100 + 6900 + 15600 

Ef’ ++ 33700 -++ 30300 -++ 13600 -++ 29800 + 93800 
De + 36950 = 33250 -| 13600 + gone + ueoeeg 
(CME + 40150 + 36150 + 13600 + 29800 +- 106100 


Bd + 43400 -L 39000 -+- 13600 -+ 29800 -+ 112200 
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57- The Quadrangular Truss.—Fig. 68 is a half-diagram of the roof-truss of the 
Jersey City station of the Central Railroad of New 
. Jersey. Distance between trusses = 32.5 ft. All upper 
panels = 13 ft. 1,% in. Other dimensions as shown. 
Left end on rollers. 
f In this truss the lower chord and diagonals are eye- 
“= bars capable of resisting tension only (except the end 
panels of the lower chord, which members are counter- 
braced). Wherever, therefore, these members would be 
subjected to compression from wind loads, it is necessary 
to insert the counters (shown by dotted lines) which would then be in tension and would 
prevent the distortion of the quadrilaterals. 

The diagram for dead load is drawn as before, omitting the counters. Snow load stresses 
are also found as before. 

For wind load, some of the counters will come into action, and as the dead load always 
acts with the wind load, it will be more convenient to combine the dead and wind load for 
each joint and draw a diagram for this combined loading. Where there are counters, only 
the diagonal which is in tension should be considered. This can easily be determined by a 
trial diagram. If any diagonal be found in compression where there is no counter, a 
counter must be inserted. The wind must be considered as acting first on one side, then on 
the other. 

For maximum stresses of both kinds we have simply to remember that the dead load 
may act alone, or combined with either of the other three, or combined with snow and either 
of the wind loads. 

The student should assume loads according to Arts. 51, 52, and make the complete 
analysis. 

58. Analysis of a Crescent Truss.—Fig. 69 is a half diagram of the roof-truss of the 
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St. Louis Exposition Building. The complete analysis is given below, according to the fol: 
lowing data and assumptions: 

Distance between trusses = 6 = 16 ft. 

Total weight of one truss = T= 14/7 = 10400 lbs. 

Weight of roof = 20 Ibs. per square foot of roof-surface. 

Snow load = 20 lbs. per square foot of horizontal projection, to be treated as acting: 
first, all over; and second, on one half only. 
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Wind pressure according to the table of Art. 52. 


Assuming an average panel length of the upper chord of 9.3 ft., the total dead load per 
panel = 


Pa = 20 X 9.3 X 16 + 10490 — 2976 + 743 — 3719." Call ite3700 lbs 
The snow load per panel = 
P, = 20 X 8.9 X 16 = 2848. Call it 2850 lbs. 


The wind load per panel varies with the inclination. The different panel loads are given 
in Fig. 69, in thousands of pounds. 
The complete dead load diagram is given in Fig. 70 (a); the stresses for uniform snow 
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load are found by multiplying the dead load stresses by 2859. These dead and snow load 
stresses are marked D and S, respectively, in Fig. 69 and are given in thousands of pounds. 

Fig. 70 (4) is the full diagram for snow load on the left side only. The corresponding 
stresses are marked S, in Fig. 69. The stresses in the members of the left half of the truss 
due to snow load on the right only, are the same as those in the right half due to snow 
on the left. These stresses are already given in Fig. 70 (6), and are scaled off and placed 
along the pieces of Fig. 69 and marked Sz. Only web stresses are desired for unsym- 
metrical loading, as the chord stresses are greater with full snow-load. 

The diagrams for wind load are given in Figs. 70 (c) and (d). Fig. (c) is for wind from 
left, left end fixed. In drawing the diagram for wind from the right, we may, for convenience, 
consider the truss turned end for end. The left end will now be on rollers and the right end 
fixed. The vertical components of the reactions remain the same, but the horizontal 
component now acts at the right end. The stresses found for the right end are thus really 
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those for the left end. It is to be noted that the stresses in the right half due to wind 
pressure are not quite the same as those in the left half. The stresses marked in Fig. 69 are 
the maximum of each kind which occur in either of the two symmetrical members due to 
wind from fixed end(W,) and wind from roller end (We). Thus, with wind from: either 
direction, the greatest chord stresses are in the half truss towards the wind, and these are the 
stresses given. In practice the truss would be built symmetrically. The total maximum 
stresses are marked JZ, 

All loads and stresses are given in thousands of pounds. 

59. The Arch-truss.—The stresses in a three-hinged arch, as in Fig. 65, p. 35). :are 
readily found by diagram, the reactions at A, B, and C having been once obtained. Consider- 
ing B as the roller end, we can get the abutment reactions at A and Aas in any other truss, 
either analytically or graphically, by treating the structure as a whole. The stress in the tie 
AB is found by passing a section through C and the tie, treating the structure to the left and 
putting 2 mom. about C=o. Knowing the stress in AB and the abutment reaction at 
A, we have at joint A but two unknown forces. Beginning then at this point we can 
construct the diagram for the truss AC. Above the point D a double system of web 
members is inserted which is to be treated as explained in the next article. 

The loads assumed in the actual computation of the stresses in this truss were:* a dead 
load of about 30 lbs. per square foot (whether of roof or of horizontal projection is not 
stated) ; a snow load of 17 lbs. per square foot; and a wind pressure of 35 lbs. per square foot 
of elevation. The snow load was assumed to exist: first, all over; second, on the twelve 
centre panels only; and third, on one side only. 

Since the two trusses, AC and CB, are supported alike, it is necessary to consider the 
wird pressure from one side only, the stresses in CB for wind from the left being the same as 
in AC for wind from the right. For the tie AB, however, wind pressure on the left increases 
its tension, while wind from the right decreases it and in fact produces a slight compression. 

If the tie AB is omitted, the horizontal thrust must be resisted by the abutments them- 
selves, the structure then being a true arch. In that case the abutment reactions are found 
as in Art. 31, Ex. 3. The process there given amounts to precisely the same thing as that 
above for finding the resultant reaction of tie and abutment. 

For wind loads, which are so variously inclined, it will be simpler to find the reactions 
and also the stress in tie AB by means of an equilibrium polygon. Fig. 65 (a) shows a force 
diagram for wind load on the left. The load line is 1,2... 145 the pole O is chosen at any 
convenient point. To draw the equilibrium polygon, begin at A, the fixed end; the 
closing line is drawn from A to the intersection of the last segment with the vertical reaction 
line BB’. The line Ox drawn parallel to AB’, meeting the vertical 14-n at m, determines 
the reactions at B and A; they are equal to 14-7 and w-1, respectively. Knowing the 
reaction at B, the stress in AZ is found by a simple equation of moments, centre at C, of the 
forces acting on the right-hand portion; or, the equilibrium polygon may be utilized as in 
Art. 40, thus:—Treating the forces (7’, P,, P,, etc.) to the left of a section through C and 
AB, their moment about C may be found by drawing Cx’ parallel to their resultant, ~-14, 
and x/C’ vertically. Their moment about C is then equal to their moment about x’, which 
equals x’/C’ X sn, the horizontal projection of the ray O-14. This moment divided by the 
lever-arm of AB gives the required stress. This method is especially useful where we com- 
bine the dead with the wind loads, as in that case the portion C& is loaded and the analyt- 
ical method necessitates the computation of the moments of all these loads. 

60. Trusses with Double Systems of Web Members, as in Figs. 64 and 65, may be 
analyzed by treating each system separately, together with the loads acting at the vertices of 


* See Engineering News, Sept. 26, Oct. 3, 1891. 
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that system. Thus in Fig. 64, the chords with the system shown by full lines constitute one 
system, while the chords with the dotted diagonals constitute the other. 

The stresses in the diagonals result directly, while those in the chords are found by 
adding the stresses in each member due to each system. In drawing the diagrams it is 
sufficiently accurate to consider the chord as a straight line between consecutive joints of the 
same system. 

In Fig. 65 one system may be taken as Da’bc'de'fg'hi'kl’C with the radial struts at 
a, ¢, é, g,t, and 2; and the other as DD'ab'ca'ef'gh'tk'IC with the struts at 0, d, f, 2, and &. 
In treating each system, one half of a panel load is to be placed at each apex and the stresses 
determined as for a simple truss, each piece being designed to take either tension or 
compression. One diagram must be constructed for each system and for each kind of 
loading, and the results combined for the maximum stresses. The maximum chord stresses 
result by adding those due to each system. 
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CHARTERS EVs 
BRIDGE-TRUSSES—ANALYSIS FOR UNIFORM LOADS. 


GENERAL CONSIDERATIONS. 


61. Preliminary Statement.—The particular method of analysis to be selected for a 
bridge-truss depends upon the kind of loading and upon the form of truss. The analysis of 
bridge-trusses will therefore be treated under three general heads corresponding to the three 
methods of loading, viz., Uniform Loads, Actual Wheel Loads, and Conventional Methods of 
Loading, no distinction being made between highway bridges and railroad bridges, except as 
to loads assumed. Under each of these heads will be treated the various forms of trusses for 
which such loads are commonly specified. . 

62. The Dead Load consists of the entire weight of the bridge, including floor sys- 
tem. For highway bridges the total dead load per foot may be taken from the diagram on the 
following page, prepared by plotting the weights per foot for bridges 18 feet in width given in 
Tables I, II, and III in Waddell's “ Designing of Ordinary Iron Highway Bridges.”* These 
weights are from actual computations of the bills of material for sixty bridges, and are for tne 
ordinary type of single and double intersection trusses. ‘‘ Class A” indicates bridges frequently 
subjected to heavy loads; “Class B” indicates city bridges occasionally subjected to heavy 
loads; and “Class C,” country bridges. The average change in weight per foot fora change 1n 
width of two feet is given by the curves in the lower part of the diagram. Thus, for a 200-ft. 
span, Class A, width of roadway 22 ft., the total weight per foot = weight per foot for 18-ft. 
roadway + 2 X increase in weight for a change in width of two feet, = 960 4- 2 * 100 == 1160 
lbs. per foot. 

For railroad bridges the dead load per foot is given very closely by the following formule, 
where / = length of span in feet and w= dead load per foot in pounds, not including the 
track system (rails, ties, guard-rails, and safety-stringers, if any). 

For deck plate girders, 


Wi= Ol 120, se: sso. | 00 ose) Peverenn( E) 


For lattice girders, 


G0 me 71 be 200. ie, as co wh ey A Eonen teas er eremECe) 


For through pin-connected iron bridges with steel eye-bars, 


eso. aheMis) sunset eo ours to ten verte eS) 


For Howe trusses, 


Ty ON OT Ge heated eesti) ox ely eaten eA) 


* These curves were first plotted by Prof. C, L. Crandall in his ‘‘ Notes on Bridge Stresses.” They are here 
redrawn and slightly changed. 
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weight per foot of a single track may be taken at 400 lbs. 
one half the above values. 


These formule are for single-track bridges; for double-track add ninety per cent. 
For the load on each truss take 


The 


Formule (1), (2), and (3) are of the same form as those in use by a number of the leading 


bridge companies, and are based on Cooper’s loading class, “‘ Extra Heavy A” (see page 85). 


Formula (4) is from assumed weights of Howe trusses on the Ore 


WEIGHTS 


OF 


Per LINEAL Foor 


IRON HIGHWAY BRIDGES. 


mal auuune: al a ats 
Sa a) wel lala ofa 
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FIG. 71. 


A. A. Schenck, Chief Engineer.* 


gon Pacific Railroad, 


63. The Live Load for highway bridges is usually taken as a uniform load of from 50 


to 100 lbs. per square foot of roadway, or the heaviest concentrated load, due to a road-roller or 
the like, which is likely to come upon the structure. The uniform load generally gives the 
maximum stresses in the main truss members, while for stringers, floor-beams, beam-hangers, 
etc., the concentrated load usually gives the greater stresses. The loads specified by Waddell 


are given on the next page. Classes A, B, and C have the same signification as above. 
For railroad bridges the load usually specified is that due to two of the heaviest locomo- 


tives on the road in question when. coupled in direct position, and followed by a uniform load 
due to the heaviest possible train. 


An example of such loadin 
and various standard loadings are given in the chapter on Speci 


* See Engineering News, April 26, 1890. 


g is given in the next chapter, 
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Moving Load per Square Foot of Floor. 
Span in Feet. == 

Classes A and B. Class C. 

0 to 50 100 lbs. 80 lbs. 
50 to 150 go “ Sous 
150 to 200 80s JQ 
200 to 300 7Omaes (ote) 
300 to 400 Gomes 50 “* 


64. The Wind Pressure upon bridges is carried by horizontal truss systems placed 
between the chords of the main trusses. The loads assumed and the corresponding stresses 
in these trusses are discussed in Chap. VII. 

The stresses in the main trusses and in these lateral systems due to vzbration are discussed 
ie Part: 11: 

65. Apex Loads.—The dead load for short spans is usually considered as applied at the 


panel points of the loaded chord. For long spans one third may be taken at the unloaded 
chord and two thirds at the loaded chord, or the actual concentrations may be computed. 


Since the live load is given over to the truss at the panel points it can thus affect the 
truss only at these points. The portion of each end-panel load carried by the abutment does 
not affect the truss and need not be taken into account in finding either loads or reactions. 
Thus, fora bridge of 200 ft. span and eight equal panels having a uniform load of 2000 lbs. 
per foot, each of the seven apex loads = 25 X 2000 = 50000 lbs., and each abutment reaction 
= 7 X 50000 + 2 = 175000 lbs. 

Stresses in Simple Beams. 
66. Bending Moment in a Beam.—If a beam, AB, Fig. 72, Be loaded in any manner 


and any section taken, the sum of the moments of the external | 4 

forces upon either side of the section about the neutral axis, .[— 

N, is called the bending moment, or simply the moment, at N. ‘a, in . 
From = mom. = 0 we see that the bending moment is equal me 


put of opposite sign to the moment of the stress couple at J, 

Fig. (2). Whence we say that the moment of the external a 

forces is balanced bythe moment of the internal stresses. For ‘Ri (q) 
convenience we call bending moment positive when it causes ~ Fic. 72. 

convexity downwards or produces tension in the lower fibres, and negative when the reverse. 
Its sign is thus seen to agree with the sign of the moment of the external forces to the left of 
the section, and to be the opposite of the sign of the moment of the forces to the right. 

The bending moment at any point JV is always positive, the beam being supported at the 
ends; for a load to the right of WV affects the forces on the left only by increasing the abut- 
ment reaction and consequently the positive moment, while a load to the left of V affects the 
lorces on the right only by increasing the right abutment reaction and consequently the posi- 
tive bending moment. For a uniform load, therefore, the maximum bending moment at 
every point occurs when the load extends the whole length of the beam. In Chap. II, p. 31, 
we have shown that the bending moment in a beam under a uniform load varies along the 
beam as the ordinates to a parabola, the middle ordinate being = $/’, where g = load per foot 
and 7Z= span. Also that the moment at a point any distance x from the centre is given by 


the equation 


S 


ee em ia has a Pig he re aw Y ca lyh py ote e 


The above equation may be written in the form 


u =" — +) =40(, - #)(G44)-- nee mee ei 8) 
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That is, the bending moment at any point in a beam under a uniform load equals one half the 
load per foot multiplied by the product of the two segments into which the beam is divided. 
Equation (5a) will enable the moment to be computed at 
Dean any point in a beam or plate girder under uniform loading. 
For a single concentrated load, Fig. 73, the maximum 
Ro moment at any point occurs when the load is at that point, 
for a movement to either side reduces the opposite abutment 
reaction and hence the moment. This maximum moment is 


iP 
e— (bap), >} 00 > —- 


Fic. 73. given by the equation 
Z 
Be ai 4 2 
pe a| 2 o\o-)= 74) 2 . 6 
l 2 4 ye 


This is seen to be the equation of a parabola whose ordinate is a maximum for x ==Optire 


l 
value of this ordinate being equal to oe 


If we substitute af for p in eq. (5) we shall get eq. (6), thus showing that the maximum 


bending moments due to a single moving load are the same as for twice that load when 
uniformly distributed over the beam. 

For two equal loads a fixed distance apart, Fig. 74, the bending moment under the left 
hand load, P,, for example, is found by adding the moments due to each load. The moment 
due to P, is given by eq. (6). The curve representing the 
variation in this moment as the loads move over the 
beam is AcB. The moment at WV due to PaaS 


ee / a 
w/e a a j le ~2) = a (Coe 24 ax), (7) 


t 
This can readily be shown to be the equation of a pa- 


rabola with maximum ordinate = (6 = =) when 


Fic. 74, 


(2 Be 


NIR 


The curve Ac’B’ is this parabola, with vertex 


at c. The curve representing the sum of these moments is evidently obtained by adding the 
ordinates of the curves AcB and Ac’B’, and is ACD&. The equation of the portion ACD is 
obtained by adding eqs. (6) and (7), remembering that the loads are equal. This gives the 
total moment 

PAE al 

ae 

Apa Peas ROMEO 


: onechige 
For a maximum, by putting 7 ee GL 2 - Changing our origin to this point 


: ye) : 
by putting (« -- A for x in eq. (8), we have 
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This is the equation of a parabola, with axis vertical and passing through the origin. The 
. : : HE : : : 
maximum ordinate is for 4’ = 0 and equals ay _ a , the ordinate OC in the figure. For 
2 2 


moment under the right wheel the curve is 4 D'C’B and is symmetrical to ACDB. The great- 
est moments for the left half occur therefore under the left wheel, and for the right half under 
the right wheel. The maximum moment in the beam is at a distance from the centre equal 
to one-fourth the distance between the loads.* 

The curve of maximum moments for any form of loading may be found by a method 
similar to the above, but the subject will not be treated further here. The succeeding 
chapter discusses the location of the point of maximum moment in a beam for any number 
of loads. 

67. Shear in a Beam.—If a section be taken at any point J, Fig. 75, in a loaded beam, 
the sum of the vertical components of the external forces upon either side of the section is 
called the shear on the section. The sign of this resultant vertical force is evidently plus on 
one side and minus on the other; but for convenience we shall give to the shear the same 
sign as that of the resultant force on the left. Posztzve shear, then, is when the left-hand por- 
tion tends to move wpwards on the right, and vice versa. From 2 vert. comp. = 0 we know 
that the shear must be balanced by the internal force or stress in the section, that is, by the 
action of the portion removed upon the portion considered. This stress is called a shearing 
stress and in Fig. (a) it is replaced by the force S. 

The shear at any point Vin a beam, Fig. 76, for a fixed uniform load of @ lbs. per foot, 


is equal to the left abutment reaction minus t'1e load between A and J, or 
Z 
S=R,—pr=p(5- the oun Ce 9 ie ctel alee CEO) 


wf : I! 
This is the equation of a straight line having a maximum positive ordinate Cis when += 0, 


L 
and an equal negative ordinate when x = 7. When + = ms S=0, 


eer 


ant C 


i WLLL dadeddddddddddididdddddés 
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Fic. 77. 
Fic. 75. Fic, 76. 


For a moving uniform load the maximum positive shear at any eae nee @ Rap: 
when all possible loads are added to the right and when there are no Joa s on if e ra 
adding a load to the right increases the left reaction and therefore the Pee end ei 
adding loads to the left increases the right reaction without affecting the ot e pee ) 
right, and hence decreases the positive shear. The maximum shear at WV is therefore 


cee a FU zy, Serr tea Po ers eet LL) 


i heel 
i i as above obtained, with the moment at the centre when one w 
* By equating the maximum bending moment, as ; 


js at that point it mav be shown that the latter will be the greater when a is greater than 0.586/, 
a’ ? : 
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the equation of a parabola with vertex at the right end. This parabola is B’C, BA’ being the 


axis; the ordinate A’C is equal to tes The maximum negative shear is found by loading to 
the /eft of the point, and is 


Se ee ese, 9) reg: Soe) ie OD 


the equation of the parabola A’D. 

Where a beam is subjected to both a fixed and a movable uniform load, as from dead 
and live loads, the maximum positive and negative shears are found by combining the shears 
due to each system of loading. In Fig. 77, AF represents dead load shears; whence the 
. Maximum positive shears are found graphically by adding the ordinates of this line to those 
of CB’, giving the curve C’F.* This curve crosses the axis at G, the dead load negative shears 
to the right of this point being greater than the live load positive shears. From G to B’, 
therefore, positive shear cannot occur. The curve £D’ gives the maximum negative shears 
from # to B’, none being possible from A’ to H. Between H and G both kinds of shear are 
possible. The actual values of the shears are best found by the use of eq. (10) with eqs. (11) 
and (12). In practice we need find only the maximum positive shears, since the negative 
shears are equal and symmetrical to them. 

For a single load P,, Fig. 78, the positive shear at any point WV is greatest when the load 

Re is just to the right of the point, for the left reaction is 
then a maximum. This maximum shear is 
Seo), (13) 
i 
the equation of the straight line CA’, Fig. 79. The ordi- 
nate A’C = P.. In like manner the maximum negative 
shear occurs with the load just to the left of the point 
and is 


177) a Re eg) 


ef F +. 5 . cy . . 
2 ane This negative shear is represented by the line A’D. 


For two equal loads, P, and P,, the maximum positive shear is when FP. is just to the 


right of the point. The shear due to P is given by eq. (13) and the line CB’. The shear 
due to P, when P, is at J, is equal to left abutment reaction for P,, or 


Spe eae as ae ee 
This is zero for x = 7 — a, and is equal to P, for « = — a if that were possible ; it is repre- 
sented by the line ##, where FB’ and GA’ =a and GE = P,. The total shear is the sum 
of the second members of eqs. (13) and (15). It is found graphically by making C7 = LA’ and 
drawing /K to meet CB’ in the vertical through #. The total negative shears are found 
likewise. They are equal to the ordinates to the line A/K’/’. | 

For three loads the shear diagram would be J’ KKB’, and so on, the curve approaching 
to a parabola as the limiting case when the load is uniform per unit length. 

In this article and the preceding, but two of the equations of equilibrium have been used, 
Viz.) 2 mom. — oO and >> vert: comp.=0o. These two equations are the only ones that 
involve the external forces, since these forces have been taken as vertical, the usual condition 


for bridges and beams. In the arch, however, the third condition is involved and we have 
moment, shear, and ¢hrust. 


* This curve is also a parabola and may be constructed by laying off vertically from ZF the distances (z) AG. 
. . j ts : oe : ; 
where x = horizontal distance of the point from /, : - \AB'] 
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BRIDGE-TRUSSES WITH PARALLEI, CHORDS. 


68. Chord Stresses.—If AZ, Fig. 80, be any truss subjected to the vertical loads P 
and /,, the stress in any member 3-4 of the lower chord may be found by passing the section 
/m cutting 3-4 and but two other pieces, treating the portion to the left and putting = mom. 
about 2=0. The abutment reaction R, is supposed’ to ; 
have been found already by treating the structure as a 
whole. The moment of the external forces to the left, 
about 2, is called the bending moment in the truss at 2, and 
may be computed or be scaled off from the equilibrium 
‘polygon drawn for the given loads. The equilibrium poly- 
gon is A’abh’, and ee’ X Om = bending moment. Its sign 
is plus. The moment of the stress in 3-4 must balance 
this moment and is therefore negative, or left-handed 
about 2. The stress in 3-4 is then tensile and equal to 
the bending moment divided by its lever-arm. Likewise 
with the same section and centre of moments at 3 we may 
find the stress in 1-2; it will be compression. 

The bending moment at azy point between A and B 
is seen by the equilibrium polygon to be positive, as ina 
beam. The stresses in all members of the lower chord are Fic. 80. 
therefore tensile, and in the upper chord compressive. 

Again, for maximum bending moment at any point for a uniform load, Fig. 81, the truss 
must be fully loaded, but in the case of a truss the uniform load can act only as joint loads. 
We have shown in Chap. II, p. 32, that the vertices of the equilibrium polygon for these loads 
lie on the parabola of moments drawn for a beam with the same 
uniform load. The middle ordinate = $p/’. For the upper 
or unloaded chord, the centres of moments are at the loaded 
joints, and the bending moments are therefore given by the 
ordinates to the equilibrium polygon or to the parabola. For 
the lower chord the centres of moments are at the upper 
joints and the bending moments are given by ordinates to the 
equilibrium polygon only. Thus for piece 5-7 the bending 
moment at 6 is given by cc’, the ordinate to the parabola (pole 
distance = unity); but for piece 6—B, with centre of moments 

Fic, 81. at 7, the bending moment is given by dd’. Where the upper 
joints are over the centres of the lower panels the moments at 
the upper joints are means between the moments at adjacent lower joints. 

The computation of the moments at joints in the loaded chord is best made by means of: 
eq. (52), p. 45, since these moments are the same as in a beam with the same loading. Thus 


the moment at 6 = ?(A6 <x 6B); moment at 4= Ar x 48); etc. These moments when 
2 


divided by the lever-arms of the respectivespieces give stresses. 
If the panel lengths are all equal to d, and m be the number of panels to the left and 1’ 
the number to the right of the centre of moments, then we have from eq. (5a) above referred to, 


M = "(nd x m'd) =?(nm' TOP eae ee eo) 


Equation (16) applies equally well where m and m’ are fractional, provided the joint loads 
are those due to a uniform load. 
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The moments at the panel points of the unloaded chord, when these points are not in 
the same verticals as those of the loaded chord, are best found by proportion, from the 
joments at the two adjacent joints of the loaded chord. 

Equation (16) may be derived directly as follows: 
Let AB, Fig. 82, be any truss having equal panels in 
the lower or loaded chord. Let # be the number of 
panels to the left of any panel point C, and mm’ the 
number to the right. Let g = load per foot. Panel 


a ig I Ia cena fe fm Rz =load = fd. There are m — 1 joint loads and therefore 
Vo ate ate fi crak Dee Ve BK 1) To the left of C are m—1 loads 
2 


whose average lever-arm about C = ide The bending moment at C is therefore 


ma _ 


oe, 2 a? } 
M=R,x md ~(m—1)pa x ™ LAO) mat — PE —1)n =" (mm!), Q. B.D. 


69. Web Stresses, Parallel Chords.—If AA, Fig. 83, be a truss with parallel chords, 
the stress in any web member, as 2-3, may be found by passing the section cd and putting 


Fic. 83. 


= vert. comp. of the forces acting upon the portion to the left of the section, equal to zero. 
’ The sum of the vertical components of the external forces is, as in the case of a beam, called 
the sear, and must be balanced by the vertical components of the stresses in the members 
cut; whence the vert. comp. of stress in 2-3, Fig. (a), is equal and opposite to the shear. If 
the shear is positive or upwards on the left, then 2-3 is in compression; and if negative, then 
it isin tension. The vertical component in 2-4 is the same as in 2-3, since the shear on the 
section cutting 2-4 is the same as that on the section cd, no load being at 2. Likewise the 
vertical components in 7-10 and 7-8 are equal, etc. Since the shear is constant between two 
adjacent loaded joints, we usually speak of the shear in the paned, as shear in panel 3-4, etc. 

For maximum positive live load shear in panel 3-4, and hence maximum compression in 
2-3 and maximum tension in 2-4, all joints to the right of the panel should be fully loaded 
and all joints to the left unloaded. This follows for the same reason that was given in the 
case of the beam, Art. 67. For maximum negative shear in 3-4 and hence maximum stresses 
of the opposite kinds in 2-3 and 2-4, the reverse should be the case. 

Fora uniform live load the method generally used in computing maximum shear, as in 
panel 3-4 for example, is to consider joint 4 fully loaded and joint 3 unloaded. This is evi- 
dently an impossible condition, for in order that 4 may be fully loaded the load must extend 
io 3, which would then give a half panel load to 3. The shears computed by this method are 
too great, but it will be the one generally adopted in the following analysis. 
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A general expression for the value of this shear 
may be easily derived. 

Let m, Fig. 84, = the number of the panel in 
question (3~4) counting from the left end, = the 
number of the last loaded joint, calling A zero; and 
v= the total number of panels. The shear in the _ 
panel = the left abutment reaction = R,. Taking ee. 
moments about 4, we have 

R, X nd — pdl1 +2+3+...+(n—m)]d =o, 


whence the maximum positive shear = 


S= R= p24... 4G —m] =e — mn — m+ 0) fee rh) 


True Maximum Shear for Uniform Leads.. 


The exact position for maximum shear will now be derived, and the shears for this posi- 
tion will be found subsequently for a few cases ancl compared with those found by the 
approximate method. 

Take the same figure and notation as in the above case. Let x = distance from 4 to the 
head of the load. As loads are added to the left of 4, the shear in the panel is increased so 
long as the increment to the abutment reaction at A is greater than the corresponding incre- 
ment to the panel reaction at 3, since shear = abutment reaction minus load at 3. This is true 


until = = Pea ld or until = G ehh ee Ly at which point the increments 
d l ‘ i—ad n— tI 
of the reactions are equal. The moving load should therefore extend to the left of 4 a 
distance 7 = “— Ad. The shear for this position in panel 3-4 is 
pf Aen metel oo ye 
“SOIR pe iige 21 amare 4 ies O72) 


2a—m-—-I1 P 
——., and is thus seen 
n 


This differs from (17) in having the factor —" in place of 


n 
to give somewhat the smaller value. The actual difference is a Maximum for m= erry: 


n—I pa 
at the centre, and at that point has a value of f a or nearly 3° the same for all spans. 


Fic. 85. 


Notice that although the loading by this method is not so simple as by the approximate 
method, yet the expression for actual shear is quite as easy of application as formula (17). 
970. The Warren Girder. Fig. 85 shows a triangular truss or Warren girder as a deck 
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railroad bridge. As such it is usually a riveted structure constructed of angles and plates, and 
is used for comparatively short spans. The analysis of this truss is as follows: 

Let the span = 105 ft.; the height, %, = 15 ft., and the panel length, d, = 15 ft. The 
number of panels, “, = 7. The dead load may be taken from formula (2), p. 43. We have 


Z-++ 200 ee) : 
then, dead load per foot per truss = w= a se 667 Ibs. It will be considered 


as uniformly distributed along the upper chord joints; 2 and 14 will thus receive three fourths 
of a panel load each. The live load we will take at 1500 Ibs. per foot per truss. The dead 
and live load stresses will be found separately. 

Chord Stresses; Dead Load.—For the lower-chord members the centres of moments are 
at the upper panel points, and the stresses in these pieces result by dividing the bending 
moments at these points by the height of the truss. The moment at any point is, by eq. (16), 


2 2 


(mm'). The stress in any lower chord member is then equal to 


7 


(mm'), where m and m’ 
2h 


are the number of panels to the left and right of the centre of moments, calling 0-2 and 14-16 
half panels. 


We have, 


ot) 


wd* 667 X 15° 


ar ORS eT 5002, whence the following chord stresses : 


Stress in I-3 = 5002 (4 X 48) = 1250(1 X 13) = 16250 lbs. 
Stress in 3-5 = 1250(3 X 11) = 41250 lbs. 
Stress in 5-7 = 1250(5 X 9) = 56250 lbs. 
Stress in 7-9 = 1250(7 X 7) = 61250 lbs. 


These stresses are all taken out with one setting of the slide-rule. 

The stresses in 9-11, 11-13, and 13-15 are equal to those in 5~7, 3-5, and 1-3, respec- 
tively. These are all tensile stresses. 

The centres of moments for the upper chord members are at the lower chord points. 
These moments are means between those at adjacent upper joints, and the lever-arms all 
being equal to /, the actual stresses are like means of the stresses in the lower chord pieces. 
We have then the following stresses: 


: : 16250 2 
Stress in 2-4 = = +o = 28750 lbs. 
Re 41250 56250 
Stress in 4-6 = eee + ae 48750 lbs. 
: 6250" .61250 
Stress in 6-8 = > > + 2 = 58750 Ibs, 
etc. etc 


These are all compressive stresses. 


| Chord Stresses ; Live Load.—The maximum live load chord stresses occur when the bridge 
is fully loaded. They are found in precisely the same way as the dead load stresses above; or 


they may be obtained by multiplying the above dead load stresses by the ratio of live to dead 


load, = +46°,0 in this case. By the latter method a single setting of the slide-rule gives all the 


stresses, They are as follows: 


1-3 = 36530. 2=4.==" 6A TO; 
$5 02070: 4=6' = (1007 EC, 
5-7 = 126580. 6-8 = 132210. 
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WER Sip ocep eee 
ee e ee ae 1 he vertical component of the stress in any web member is equal to the 
in De € section which cuts that member and two horizontal chord pieces. The stress is 
ei. a sis when the shear is a maximum. The dead panel load== 067.415 = 

Ss reacti = \ Os hie a 
in panel i a poe KR, , = 10000 Xx (5 +2 X 2) +- 2 = 32500 lbs. This is also the shear 
P 0-2, and being upwards on the left it is positive. The dead load shear in each of 


the other panels is found by subtracting from the abutment reaction the loads on the left of 
the panel. We-have then the following shears : 


0-2 = + 32500. 

2-4= 32500 — # X 10000 = ++ 25000. 
A-Gi— 8°25 000)—- 10000 = -++ 15000. 
6-8 = 15000 — 10000 = + 5000. 


le maximum positive live load shear in any panel occurs when all joints on the right are 
loaded. For maximum shear in 0-2 the bridge is fully loaded. The panel live load = 1500 
* 15 = 22500 lbs. 


Shear in 0-2 = 22500 X (5 + 2 X #) + 2 = 73120 lbs. 


For maximum shear in 2-4 all joints except 2 are loaded. Taking moments about right 
end, we have, as in formula (17): 


22500 
Shear in Paige pei ees p343 pee 24. 


7 + 
143 
Te OPEN Reh 
Likewise: Shear in 4-6 = 3214{(@x43)+3+3+i4+3] 
= 57450 — 3214 X 4st = 39770. 
Similarly : Shear in 6— 8 = 39770 — 3214 X $ = 25310. 
Shear in 8-10 = 25310 — 3214 X ¢ = 14060. 
Shear in 10-12 = 14060 — 3214 X $ = 60630. 
Shear in 12-14 = 6030 — 3214 X $ = 1210. 


The shear in 12-14 should be equal to 3214(# X 3) = 1205, which it is very nearly, thus 


checking the work. 
Adding the above shears to those due to dead load, we will have the greatest possible 


positive shears for all panels. They are as follows: 


0-2 = 32500 + 73120 = 105620. 6- 8= 5000 + 25310 = 30310. 
2-4 = 25000 + 57450 = 82450. 8-10 = — 5000-+- 14060 = goo. 
4-6 = 15000 + 39770= 54770. 10-12 = — 15000-++ 6030 = — 8970. 


We see from this that positive shear cannot occur to the right of joint Io. 

The above shears multiplied by sec 6 give the maximum stresses in the web members due 
to positive shear. For members inclining downwards toward the left, as 1-2, 3-4, etc., the 
stresses are the same sign as the shear, that is, positive or compressive. Conversely for those 
inclining in the other direction. Thus in Fig. 85 (a), the shear in panel 4-6 being upwards on 
the left, the force exerted on 5-6 by the right-hand portion of the truss must be downwards, 
or 5-6 must be in compression. For the same reason 4-5 is in tension. 
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Sec6= V15°+ 7.5*+ 15 =1.118. Multiplying the shears by this factor, we have the 


corresponding stresses : 


1-2 = + 118080. 6— 7 = — 33890. 
2-3 a O21 CO: J 9 = 5 50 G02 
3-4 =-+ 92180. 8— 9 = — I0130. 
4-5 =— 61230. 9-10 = + 10130. 
5-6 = + 61230. 


The maximum negative shears and resulting stresses are equal and symmetrical to the 
positive shears and stresses. Just as positive shear cannot occur on the right of joint 10, so 
negative shear cannot, occur on the left of 6, while between these points both kinds are pos. ~ 
sible. Members to the right of 10 and to the left of 6 are therefore subjected to but one kind 
of stress, while between 6 and 10 they may be subjected to either kind and hence must be 
counter-braced. The stresses in the latter members due to negative shear are: 


6-7 = + 10130. 8- 9 = + 33890. 
7-8 = — 10130. Q-10 = — 33890. 


On the left of the centre the positive shear is the greater, and on the right the negative shear, 
these being of the same sign as dead load shear; the opposite kind in either case is called 
counter-shear, and the corresponding stresses counter-stresses. 

71. The Howe Truss is shown in Fig. 86. The chords and diagonal web members 
are of wood, and the verticals of iron. 

This form of truss is largely used where timber is 
cheap, for both highway and railway bridges, and under 
that condition is very economical. Let us take a 
fier ee aot railway through-bridge of 144 ft. span with z = 8 and 

Fic. 86 h= 24 ft.; d=18 ft. From formula (4), p. 43, we find 
the dead load per ft. per truss, = w, to be (6.5 X 144 + 
275 + 400) + 2 = 806 Ibs. Assume the live load at 1500 lbs. per ft. per truss as before. 

The dotted diagonals are not in action for uniform load, as explained subsequently. The 
upper chord stresses are found by dividing the moments about lower chord points by 4; also 
we have: stress in 1-3 = stress in 2-4, stress in 3-5 = stress in 4-6, etc., because the moments 
at 3 and 2 are equal and at 4 and 5; or, from & hor, comp. = O for the portion to the left of a 
section cutting two chords and a vertical. 

Making use of the four simple formula, 


dead load chord stress = Meaty 


a 
Sp MOMS wk 4 ve se 9 


pa’ 


live load chord stress — Py ada 


= dead load chord stress x 


Sis 


d 
dead load web stress = (2 -+ I — 2m)sec 9; and 


: ad 
live load web stress = aC —m)(n—m+1)sec6, .. , [Eg. (77)] 
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the computations can conveniently be put into the following tabular form, which is adapted 
to either the Howe, Pratt, or Warren type: 


2= 144 ft.; d= 18 ft.; = 24 ft.; m= 8: sec for the diagonals = 1.25. 


w = 810 lbs. per foot; ws 7290 lbs. ; 

f= 1500 lbs. per foot ; 
wa’ 
ioe = 5470 lbs. ; 

| a es 
oo EOS + 

a 

Bees, Ibs. 

2n 


TABLE OF STRESSES IN ONE TRUSS. 
a ee eee 


Chord Stresses. Web Stresses. 
ee Be a ee 
Dead Load. Liveioad Dead Load. Live Load. ‘ 
M || SERS Total = A re ae are — |_——__—___. pert ee : 
emoers. = p el, 3 eet ear = 1agonal = 
ee Sed (GI see (3) + (4). Pane e ee (ie ave Shei (8)-1'\Ge). IIG@arw cece. 
(2) x apt (7) x eat (z—m-+1)| (9) x est 
aoae3 t ee Rises me ae 
I 2 a 4 5 6 7 8 9 Io II 12 
1-3, 2-4 5 38300 70900 109200 I- 3 7 51000 56 94500 145500 181900 
3-5, 4-6 12 65000 121500 187100 3-5 5 30400 42 70900 107300 134100 
5-7, 6-8 I5 82000 151900 233900 5-7 3 21900 30 50600 72500 go600 
7-9 16 87500 162000 249500 7-9 I 7290 20 33750 41040 51300 
g-Il | —I — 7290 12 20250 12960 16200 


Column (2) can be written out at once, and column (3) is found by multiplying the numbers 


2 


in (2) by eo which can be done with a single setting of the slide-rule. Another setting 


gives column (4), and (5) is the sum of (3) and (4). Column (8) may be found as indicated, or 
by subtracting zd four times in succession from 51000, the left abutment reaction. Column 


a 3 ae 
(10) is obtained by multiplying (9) by the constant factor a as given in eq.(17). The poszteve 


shears have here been found. Adding the dead load shears to these we have the maximum 
positive shears, column (11), in all the panels. On the right of the centre they are the 
counter-shears. Only one panel, 9-11, has such shear, no positive shear being possible to the 
right of Il. . 

Multiplying the total shears by sec 6, = 1.25, we have the stresses in the diagonals. These 
members are designed to resist compression only, hence the full diagonals on the left of the 
centre and the dotted one in panel g-11 will be in action, For negative shears the full diago- 
nals on the right and the dotted one in panel 7-9 are in action, The diagonals 6-9 and g—-10 
are counters. 

The stress in any vertical is equal to the shear on the section cutting it and two chord 
members, or is equal to the shear in the panel towards the abutment from the vertical. 

The maximum stress in 8-9 is equal to the maximum positive shear in panel 7-9, or to a 
full panel load, whichever is the greater. For if this maximum positive shear is greater than 
a panel load, then the shear in 9-11 under the saine loading is also positive, and 8-1 r will not 
be in action, thus throwing all the shear in 7-9 upon 8-9; and again, the stress in 8-9 is always 
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equal to the load at 9 whenever the counters are mo¢ in action. The maximum positive shear 
in 7-9 = 7290 + 33750 = 41040 lbs., and a full panel load = 14580 + 27000 = 41580 lbs. 
The latter value is therefore the required stress. 


ad 
The live load shears computed by the exact formula, S = Hae =U), p. 51, ate 


as follows, beginning at the left : 94500, 69430, 48210, 30860, 17360, 7715. The differences 
between these and those in the table are: O, 1450, 2420, 2890, 2890, 2410. The error by the 
approximate method is on the safe side and is not objectionable, for, being greatest at the 
centre, it takes partial account of the effect of impact, which is very considerable on the 
counters. Being a constant error for all spans (in terms of panel load), it also has a greater 
relative influence in short spans, where again impact has a maximum effect. The effect of 
impact is discussed in Part II. 

In the above bridge, if one-third the dead load be transferred to the upper panel points, 
the chord stresses and diagonal web stresses will not be changed. The stresses in the verticale 
will, however, each be reduced by the amount of the load transferred. : 

In practice all the dotted diagonals are employed to hold the cast-iron angle-blocks in 
place. These are not required in metallic structures. 

72. The Pratt Truss is shown in Fig. 87 as a deck bridge. All parts are of iron or 
steel, the verticals being compression members and the diagonals tension members. 


EXAMPLE 1. Highway bridge as shown in Fig. 87; class C, roadway 14 ft. wide; 7= 105 ft.; BEG 
hk=15 ft. Find all the stresses. 


Fig. 88 shows the usual form for through or pony Pratt trusses. The through or deck 
Pratt truss is the standard form of truss for both highway and railway bridges of moderate 
spans. However it is not generally used for railway bridges where the span is much less 
than 100 ft. 

The stresses in the truss of Fig. 88 result readily by methods similar to those already 
illustrated. The pieces 2-3 and 10-11, called hip verticals, carry only the loads at their bases 
The end pieces 1-2 and 10-13 are compression members. The maximum stress in 6-7 is 
from the stress in the counter 6-9 or 5-6, 


EXAMPLE 2. Find the stresses in all members of the truss in Fig. 88, a railway bridge of 150 ft. span; 
A = 30 ft.; ~ = 6; live load = 1700 lbs. per foot per truss. 


Fic. go. 


SOUS ay Find the stresses in all members of the truss in Fig. 89, a railway bridge of 8o ft. span ; 
A . 10! ft.; diagonals inclined 45°; live load = 2000 Ibs. per foot per truss. Take dead load from formula 
(2 , p. 43. 
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73. The Whipple Truss, shown in Fig. 90, consists of two simple Pratt trusses 
combined. It is in fact often called a “ double intersection” Pratt truss. The advantage over 
the Pratt for long spans is in having short panels, and yet an economical inclination for the 
diagonals (about 45°). It is used extensively for highway bridges, but for railway bridges it 
has been as a rule discarded in favor of the Baltimore truss, or for the form shown in Fig. 
114, p. 69. 

The two systems of web members distinguished by full and dotted lines are commonly 
assumed to act independently. 

This is not, however, strictly true, for the chords connecting the systems, while 
allowing independent vertical deflection, do not allow independent horizontal displace- 
ments, so that the loads on one system affect to some extent the form of, and hence the 
distribution of stress in, the other system. The exact analysis can only be made by the 
theory of redundant members given in Chap. XV., and even then it depends upon the 
adjustment of the counters. The assumption of independent systems is probably very nearly 
correct and enables the stresses to be statically determined. In any case the question affects 
the web stresses only, as the chord stresses are a maximum for a full load, and in that case 
the counters may, with practical exactness, be assumed as fully relieved. 

Let us take a highway bridge with dimensions as in Fig. 90; class A, roadway 20 ft. 
wide. 

From the diagram p. 44, dead load, w, = 1000 lbs. per foot, = 500 lbs. per foot per 
truss. Live load for class A = 80 X 20 = 1600 lbs. per foot, = 800 lbs. per foot per truss. 

Chord Stresses.—For uniform loads the web members meeting the upper chord at 12, 14, 
and 16 are not in action, there being no shear in panel 11-15 of the dotted system. The 


stress in 10-18 is therefore equal to (mom. at 13) + 2, = ue (6 X 6), = 67500 lbs.~ Stress im 


8-10 = stress in 10-12 minus hor. comp. of stress in 10-13; that in 6-8 = 8-10 minus hor. 
comp. in 8-11; etc. 


; ; sae? 20 he 
The horizontal component in a diagonal = vertical component multiplied by Fon in 


ad 
the case of the diagonals 2-3 and 23-26, by i The vertical component = shear in the panel 


of the system to which the diagonal belongs. We have then for the full system, since 2d =, 


hor. comp. 10-13 = 4wd@ = 3750; 
ae oe 6—- 9 = wd = 11250; 


$ eM 2— 5 = $wd = 18750. 
For the dotted system, 
hor. comp. 8-11 = wd ==5 7.500%; 
€ cs 4- 7 =2wd = 15000; 


: 6 (2- 3=%4 X 3wd = 11250. 
We have then by subtraction the chord stresses as follows: 


10-12 = 67500. 
S-10.= 11-93 = 07500 — 3750 = 63750; 
6- 8= g-11=63750— 7500 = 56250; 
4-6= 7- 9 = 56250 — 11250 = 45000; 
2- 4= 5- 7 = 45000 — 15000 = 30000. 
The sum of the hor. comps. of 2—5 and 2-3 should be equal to the stress in 2-4, thus giving 
a check upon the work. 
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' The live Joad chord stresses are obtained as before by proportion. 
Web Stresses.—The dead load vertical components, or shears in the separate systems, are 


given above. 


For live load shears, & = 2000, and we have for the full system, 
shear in 1- 5 =(pd@ X 5) + 2 = 30000; 
“  “ 5- 9 = 2000 (I + 2+ 3 + 4) = 20000; 
“« “ g-13 = 2000 (1 + 2+ 3) = 12000; 
(C1 1 3-1 7.== 2000 (1 =|=2) == 0000! 
pa 


For dotted system, me eee? and 


shear in I- 3 = (fd X 6) + 2 = 36000; 
OEE 3= 7 = T000 (1 = 93-5 7 = Oy 25 C00r, 
“«  « 9-11 = 10o00(1 + 3+ 5 +7) = 16000; 
“« —“ TI-15 = 1000(1 + 3 +5) = 9000; 
“« 15-19 = 1000(1 + 3) ='4000. 


Adding to the above the dead load shears, we have the stresses in the verticals, and the 
vertical components of the stresses in the diagonals. Vertical component of stress in the 
counter 14-17 = shear in 13-17 = 6000 — 3750 = 2250 lbs. This is also the maximum 
compression in 13-14. The vertical component of stress in 12-15 or 11-16 = gooo lbs. = 
stress in 11-12 and 15-16. There is no positive shear in 15-19 and hence no counter is 
needed. The stresses in 1-2 and 25-26 are equal to the sum of the shears in 1-3 and 1-5. 


For an odd number of panels the arrangement of diagonals of Fig. 92 is to be preferred to 


ANEREADKUY| «= ASST 


Fic. gf. Fig. 92: 


that in Fig. 91, as it gives two web systems, each of which is symmetrical about the centre. 
The assumption of independent systems then gives a more even and probably a more nearly 
correct distribution of stress over the two systems. In either case, granting this assumption, 
the stresses are found as in the above example. 

Where the arrangement of the end posts is as in Fig. 93, there is a further ambiguity 


NNSEZAZ27N 


Fic. 93. 
from not knowing to which system the loads at A and B belong. Assuming them equally 
divided between the systems, is nearly correct and enables the stresses to be readily found. 
The uncertainty of computations of stresses by the usual methods, in double systems, 
constitutes a somewhat serious defect for such systems, and is one cause that has led to the 
adoption of the forms referred to at the beginning of this article. 


BRIDGE-TRUSSES—ANALYSIS FOR UNIFORM LOADS. 59 


74. The Triple Intersection Truss has been built to some extent. It is similar to the 
Whipple truss, but has three instead of two sets of web members. The stresses are found in 
the same way as in the Whipple truss. 


75. The Double Triangular Truss shown in Fig. 94 has two systems of triangular 


bracing, 
pe OE TS ee Oe ee a a Deaem 
1 38 5 7 9 11 13 15 17 19 a1 23 25 
Fic. 94. 


- This truss is used both as a short-span riveted structure and as a long-span pin- 
connected bridge; the Memphis bridge and the Kentucky and Indiana bridge are of this form, 
though modified as shown in Fig. 101, p. 61. 

For chord stresses under a full uniform load the pieces 11-14 and 14-15 are not in 
action. The moment at 13 divided by % gives the stress in 12-16. The upper chord stresses 
are then found by subtracting successively the sums of the horizontal components of the 
stresses in the two web members which meet at each panel point. These horizontal 
components are found as in Art. 73, assuming each web system as independent. For the 
lower chord stresses, that in 11-13 is equal to 12-16 minus hor. comp. of 12-13; 9-11 = 11-13 
minus hor. comp. of 11-14, minus hor. comp. 10-11; ete. 

The web stresses are readily found as in a simple triangular truss, assuming each system 
as independent. 

76. The Lattice Truss, Fig. 95, contains four web systems. It is built only as a short-span 


riveted structure. The web members being riveted together at each intersection, the different 
systems cannot act independently, and in finding stresses it is usual to treat the structure asa 
beam. The maximum moment and shear is found at several differenf sections; the stresses in 
the chords or flanges are found by assuming them to take all the moment, and those in the 
web members by assuming the shear as equally divided among the members cut. 

EXAMPLE.—Find the chord and web stresses at sections 15 ft. apart in a lattice-truss of go ft. span; live 
load = 1800 Ibs. per foot; dead load,from formula (2), p. 43; Z= 12 ft.; panel length between chord 
points of the same system = 15 ft. 


77. The Post Truss shown in Fig. 96 is a special form of the double triangular truss. 


The lower chord is divided into an odd number of panels, and the upper chord contains one, 
less panel than the lower. The posts are inclined by one-half of a panel length, and the ties 
by one and one-half panel lengths. The chord stresscs are readily found as before by 
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considering the web members meeting at 8, 10, and 12 as not acting under a full load if it is 
a through-bridge, or the members 8-11 and 9-412 if a deck-bridge. For web stresses, it is 
impossible to separate the systems, as they are connected at the centre. The best that can be 
done is to assume the systems to-.be. 1, 2, 5,6, 6, 12, 13, 10, 17,16, 10, an@ a,025 aug a ee 
14, 15, 18, 19. For the counters 9-10 and 10-13 the first system becomes 9g, 10, 13, instead 
of 9, 12, 13; and for the counters 11-12 and 12-15, if required, the second system becomes 
Piet2.15,.in the place Olcii.I4, 15 

78. The Baltimore Truss and the Subdivided Triangular Truss.—The Baltimore 
truss, Fig. 97, or a modified form of it, Fig. 114, p. 69, is used very generally for long spans 
The stresses are all easily deter- 
mined; the panel lengths are short, 
while the diagonals have an econom- 
ical inclination. 

Chord Stresses. — The upper 
chord stresses are found as usual 
by taking centres of moments at lower-chord points, the dotted 
diagonals not being in action for full load. : 

The stresses in the lower chord members are found by taking 
moments about upper chord points. Thus for piece 65 we pass a 
section cutting 2-4, 65, and 65, separate the portion to the left, 
Fig. (2), and put = mom. about 2=0. We have, therefore, 
RK, X 2ad— P, x d+ Px d—S, x h=0, whence S, is determined. 
It is to be noted that the moment of the external forces acting on 
the portion considered, about the point 2, isnot the ordinary “ bending 
moment” in the truss at 2, since here we have included the force Be 
which is on the v¢gh¢ of the centre of moments. In the equilibrium polygon this moment is 
represented by the ordinate xy. 

The stress in 30 is evidently equal to 65. The other chord stresses are found similarly to 
the above. 

Web Stresses—The stress in each sub-vertical, aa’, 60’,-etc., is equal to the load at its 

base = (w- p)d. The vertical component of the compressive stress in each of 


A the pieces, a’3, 0'3, c’5, etc., is found, by a diagram of joints a’, 0’, etc., to be equal 
to one half the stress in the sub-vertical, = 4(w +/)@. Thus for joint 2’, Fig. 98, 


draw 1-2 vertical and equal to the stress in 60’, then 2-3 parallel to 30’, and 3-4 
and 4-1 parallel to 2-5, closing the polygon, the point 4, however, being unknown. 
The vertical component of 2-3 = 4(1-2) = a(w + p)d. 

The vertical components in 1a’, d's, c’'7, 29, 8e', and 10f’ are equal respec- 
tively to the maximum positive shears in the panels to which these pieces belong, as they are 
the only inclined members in the panels, which carry positive shear. The stresses in the 
verticals 4-5, 6-7, and 8-9 are equal to the vertical components in 4c’, 6d’, and 8e’, 
respectively, plus whatever load may be applied at the upper panel point. The tension in 
2-3 = vert. comp. in a’3 + vert. comp. in 4’3 + load at 3, = 2(w + pd. 

The vertical component of the stress in 20’ — shear in 36 — vert. comp. 
in 30’. To determine for what nosition of the loads this stress is a maxi- 
mum we note that the addition of a live panel load at 0 increases the shear 
in 36 by 48d, and increases the vertical component in 36’ by 4f¢d. The 
vertical component in 20’ is then increased by 43 — 46d = 556d, thus show- 
ing that the loads should extend up to 6 from the right for aimaximum 
in 26’. With such loading, then, the shear minus a(w-+ pd is the vertical 
component of the required stress. Similarly for 4c’ and 6a’. The vertical component in 


2 
Fic. 98 
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a’2 = shear in a3 + vert. comp. 23, as is seen from Fig. 99 by putting 2 vert. comp. =o. 
Adding fd to a decreases the positive shear in a3 by +d, but increases the vertical com- 
ponent in a’3 by fd, thus increasing the vertical component in a’2 by j%pd. Hence 
for a maximum stress in a’2 the bridge should be fully loaded. 

When the pieces e’11 and J 13, and similar members on the left, act with the counters, 
they are in tension. The vertical component of the tension in ¢’11 = positive shear in 
elt + vert. comp. in e’10, the piece ge’ not being in action and the vert. comp in e’10 being 
equal to one half the load at ¢. A process of reasoning similar to that above shows that for 
a maximum in é’11 the load should extend to 11. The stress in JF '13 is found in like manner. 


If the shear in £13 plus $d (= vert. comp. in f’12) should be negative, then there would be 
no tensile stress in /’13. 


EXAMPLE.—Find the stresses in all members of the truss-in Fig. roo. Span = 320 ft.; 2 = 40 ft.; live 
load = 1500 lbs. per foot; dead load by formula (3), p. 43. Consider one third the dead load as applied at 
the upper chord. 


Fig. 101 shows a method of subdividing the panels in the double triangular truss. The 
computation of stresses is but slightly altered. 


Fic. ror. Fic. 102. 


The intermediate panel loads at a, 8, ¢, etc., may be considered as transferred to one main 
panel points 1, 3, 5, etc., by means of separate small trusses or trussed stringers, 1a'3, 30'S, 
etc., as shown in Fig. 102. Whatever stresses there may be in the inclined and horizontal 
members of these small trusses must of course be added to the Stresses for the same loading 
in those members of the main truss with which they in reality coincide. ; 

The upper-chord stresses are then found as in Art. 75, considering all loads as applied at 
the main panel points. The stresses in the lower chord as part of the main truss are found in 
the same way; to these must be added the stresses in the chord as belonging to the trussed 
The dead-load web stresses are found in a similar way to the chord stresses; that is, by 
treating the members that are common to the two trusses as belonging first to one and then 
the other, and adding the results. | 

For live-load web stresses the member 6c’, for example, receives its maximum tension 
when the main joints 7, 11, and 15 are fully loaded, which requires loads at B. ad, e, f, g, and h. 
The load at c affects the stress in 6c’ only by adding to the load at 7, since 6¢ belongs only to 
the main truss. For the maximum tension in c’7, however, c should not be loaded, since the 
addition of this load causes a compression in c'7, as part of the small truss, which is greater 
than the additional tension produced in this piece as part of the pan truss. ‘Similarly, x 
the maximum compression in 8c’, joints ¢ to % are loaded, while for 5c’ joint c is also loaded. 


EXAMPLE.—Find the stresses in a deck-bridge similar to the above but with the sub-verticals extending 
upwards from ie centre. Span = 360 ft.; = 45 ft.; loading as in previous example. 
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BRIDGE TRUSSES WITH INCLINED CHORDS. 


79. Chord Stresses.—Since the chord stresses are all a maximum for full live load they 
are most readily found graphically, only one diagram being necessary. 

The analytical method has been sufficiently indi- 
cated in Art. 68. 

Instead of the actual chord stresses, it is often 
desired to get only their horizontal components. 

In Fig. 103 the stress in 3-5 = mom. at 4 + qa. 
Draw the vertical, 4a’.. Then in Fig. (a) substitute the 
vertical and horizontal components for the stress in 
3-5, applying them at a’. Then, since the moment of 
V about 4 is zero, we have 


f7= mom. at44 4a; . Saas) 


and in general, the horizontal component of the stress 
in any chord member is equal to the bending moment - 
at the opposite joint, divided by the vertical ordinate 
from the joint to the chord. 

80. Web Stresses.—With inclined chords the shear in any panel is not taken by the 
web member alone, since the chord stress has a vertical component. 

For the maximum stress in any web member each joint up to the section cutting the 
member should be fully loaded. If loaded on the longer segment of the bridge, this will give 
the main stress in the member or the stress in the main diagonal ; and if on the shorter segment, 
it will give the counter-stress or stress in the counter. This is true, however, only when the 
chord members which are cut meet beyond the abutment, the usual condition. Thus for a 
maximum tension in 2~s, Fig. 104, joints 5, 7, and g should be loaded; for adding a load to 
the right of pg increases R,, and hence the negative moment about J and stress in 2-5, while 
adding a load to the left of fg, increases R, less than the load, hence increases the negative 
moment about / less than the positive moment and therefore decreases the stress in 2-5, 
Similarly for any other web member. 

Analytically the stresses are best found in the verticals, as 4-5, Fig. 104, by putting 
2 mom. about /=0, the point / being the in- 


FIG. 103. 


tersection of the two chord members cut by the Q 

section gg through the vertical. Those in the vA 4 6 
inclined members, as 2-5, may be found in a ws 

similar way, ¢ being the lever-arm of 2-5 + OF ee ae BAN 


since Z is awkward to compute, we may find the ;7- 
stress in 2-5 by first finding the horizontal com. [——~s—_~ 
ponents in 2-4 and 3-5. Then 


NW 
t au ME 
Ri | aes——(n—m}-d— 


\ 
ee 
hor. comp. 2-5 = hor. comp. 2-4 — hor. comp. 3-5. Fic, 104. 


If hor. comp. 2-4 > hor. comp. 3-5, then 2-5 must be in tension, and wice versa. The 


horizontal components of the chords are very readily computed by eq. (18), especially where 
there are verticals. ; 


A formula for the horizontal component of the stress in a web member could easily be 
written out, but it would be too complicated for ready use. Each case can easily be worked 
out for itself. 

Graphically, the dead load web stresses will be found by diagram at the same time as the 
chord stresses. The counters are at first to be considered as not acting, and the stresses in 
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the main diagonals found. Then, in order to get the combined live and dead load stresses in 
the counters, we must find the dead load stresses by assuming the main diagonals as not act- 
ing. The resulting dead load stresses in the counters will be of opposite sign to the live load 
stresses and will subtract from them. 

For live load web stresses a separate diagram must be drawn for each position of the load, 
a different position being required for each pair of diagonals meeting at the unloaded chord. 
This diagram need be drawn only up to the pieces whose stresses are desired. The abbrevi- 
ated diagram of Chap. II, p. 29, will be found to apply well here. The reactions for the 
several positions of the loads should be first computed, then laid off on the same vertical and 
all the diagrams drawn. Or the live-load web stresses may be found by a single diagram as 
follows: Assume a left abutment reaction of some convenient amount, as 100000 |bs.. and, 
with xo doads on the truss, begin at the left and draw a stress diagram for a little more than 
one half the truss, or as far as counters are required. The main diagonals are to be consid- 
ered as acting on the left of the centre, and the counters on the right. Scale off and tabulate 
the stresses thus found. Compute the actual reactions for the various positions of the loads 
required. Then to get the maximum stress in any diagonal, multiply the stress found from 
the diagram by the true reaction corresponding to the position of loads for a maximum stress 
in this piece, and divide by 100000. With a slide rule this method is very rapid and easy. 
It is based on the fact that.the diagram as drawn above and those drawn for each position of 
the loads are similar figures. 


Position of Load for Maximum Shear. 


The assumption of full joint loads on one side of the panel only is often made as in 
parallel-chord trusses. The exact position of the end of a uniform moving load for maximum 
web stress may be found as follows: 

Let x, Fig. 104, = the distance from the panel point on the-right of the section to the 
head of the load ; # = the number of panels to the left of this panel point, and z = the whole 
number of pancls. Let s= distance 7/1. Then the stress in 2-5 will be increased by adding 
loads to the left of 5 until we reach a distance x from 5, at which point the addition of a load 
will produce no additional stress. The stress in 2-5 due to a load dP a distance x from § is 


dP x + (u -- m)d | 
s 7 —— —= De 


a aP-fs +L (i — a} | 
t 


as= 
Putting this equal to zero, we have 


Laie oe mya Is sla en a OS 


whence 


Wt — WH 


a= qe Oy ray yh a atie POD. OG (19) 
n— 1 + nn — be 


Comparing this with the value of + given on p. 51 for parallel chords, we notice that in 


i. : , ‘ 
this last expression we have the additional term (mz — I) in the denominator. This term 


becomes zero when s = ©, or for parallel chords, as should be the case. 
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The corresponding stress in 2-5 is found by taking moments about / If R, is the left 
abutment reaction, P’ the panel load at 3, and p the load per foot, we have stress in 2-5 = 


_R,xXs—P'x [s+ (= 1d) 


: z 
Now 
_ A = md+27 ere 
| iy = Bier fe Vers ee 
Substituting the above value of x and reducing, we have 
_ pau — my I Ss ie 2 ie 
Sits Pritt. it “E Z oe e ( Yi) 


ad 
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81. The Parabolic Bowstring Truss.—In this truss, Fig. 105, the lower chord is hori- 
zontal and the upper chord joints lie in the arc of a parabola. The bracing may be as in 
Fig. 105, or as shown in Fig. 107. Formerly this truss was quite extensively used, but poor 
details and the difficulty of making it rigid against wind-pressure have caused it to be generally 
abandoned. However, as the analysis has several interesting features it will be given. 

Chord Stresses (Fig. 105).—The horizontal component in any chord member is equal to . 
- the moment at the opposite joint divided by the length of the vertical at that joint. For full 


load the moments vary as the ordinates to a parabola, and likewise these verticals or lever- 
arms; hence their quotient is the same for any chord member, and may be written as the 
moment at the centre divided by the centre height of the truss. If 2 = number of panels, 
p = load per foot, 4 = height at centre, and 7 = panel length, we have 

pad*n’ 


hor. comp. chord stress = Vem ek 


This is of course the actual stress throughput the lower chord. 
Web Stresses —For full load, the horizontal components in the chords being equal, there 
is no stress in any diagonal. The corresponding stress in the verticals is (zw + p)d. 


For moving load, assuming full joint loads up to the panel in question, the horizontal 
2 
component of the maximum stress in any diagonal is constant and equal to Te 


‘Sh ’ 


as will now 
be proved. 
Let m’’, Fig. 105, be the number of panels from the centre to the joint on the right of 


the diagonal whose stress is required. For convenience, let 7’ = & and P = pd = live panel 
load. 
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Abutment reaction = Rk, = pee 2 3F — aie) a pi tm!" + I)(a! +m") (a) 
2n x 
4n 


Hor. comp. 2-4 = R, X (x! — m')d + 4-5 


ee eae n'*d 
— 1 h € PA mn : — Ne An’ + my e * e r © ° ° ° (d) 
n'? 


Hor. comp. 3-5 = R, X (n’ — m" — 1)d + 2-3 


Gn! — m!" — 1d nd 
= R SS SS ea SS Tea EEO ie OO 
A Ges Ri mE a 


Subtracting (c) from (6) and substituting the value of R, from (2), we have 


hor. comp. 2-5 = Wi ee nee ome wt (22) 
Q. E. D. 


The stress in any vertical, as 4-5, is found by taking moments about 7 The abutment 
reaction is equal to 


a (' + Ve + m'’ — 1) 
BP tes ee st AEE cn a) 


By proportion we find 
(w! = m!"\(2-3) — (wl — m" — 14-8) , 


The distance s = eS 
Cate) 2 
y? 2 72 Nos If \2 
The length of 2-3 = ali — m = ) = jp nee Ser oe re 
The length of 4-5 = A — se == We oh cucowes comoan 23) 


Fs § 
Stress in OE SS BYP AP SAY Sree (0) es elise col momne (R) 


By substituting from (d), (e), (f), and (g) in (2), we have, after reduction, 


7 au 7 


4n 4n 


/ 2 11.2 12 112 / 
. n'—\i)/—m n'* —m 2n' — 1 
Stress in 4-5 = pee ess 7 = yy ia ) : 


112 


Now the length of 4-5 = hk —, whence 


/ 


an * ~-] 
Stress in 4-5 = length of 4-5 X a minus the constant, pa. aia ed) 
To find the maximum stresses in all the members of a parabolic bowstring truss we have 


2,42 


only to draw the truss to a scale such that the length of span = — or equal to the 


horizontal component of the chord stress. The length of each upper chord member 
multiplied by a will be the stress in that member, The length of each diagonal will be the 
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2 


stress in that diagonal, for by construction the horizontal component is equal to ies And 


finally, the length of each vertical minus the constant, pa(z — 1) + 2x, is the stress in that vertical. 

Counters are evidently required in each panel. 

Another example in which the stresses may be measured directly from the structure 
itself when drawn to a proper scale is the roof-truss 
in Fig. 106 when under uniform load. The diagonals 


may easily be proved to have a constant horizontal 
2, 


a é 
component equal to ae which equals the hor. comp. 


of the stress in 6-8—10, divided by. 


If the span 1-17 is then made equal to a the 


truss drawn to scale, and the construction made as in 
the figure, the following is true: 
Fic. 106. Each diagonal is equal to its stress. 

Each vertical is equal to the stress in the next 
vertical toward the centre of the truss, assuming all loads to be applied at the upper panel 
points. 

The hor. comp. of the stress in 6-8-10 = length of 9-17, and the stress itself = 8-17; the 
stress in 4-6 = 6-17, that in 2-4 = 4’-17, and in I-2 = 2’-17. 

The stress in 7-9 = 7-17, that in 5-7 = 5-17, that in 3-5 = that in 1-3 = 3-17. 

The proof of the above is left to the student. 

In the parabolic bowstring with triangular bracing, Fig. 107, the ordinates from the lower 


A enn paar wats RaNbtig mati thom 


joints to the upper chord members are less than the ordinates to the parabola, since each 
chord member is straight between joints. The horizontal components in the upper chord are 
therefore not quite constant. For the lower chord, with centres of moments at upper chord 
points, the moments are proportional to ordinates from the closing line, A’ B’, to the segments 
of the equilibrium polygon and not to the parabola; hence the lower chord stress is not quite 
constant. The actual horizontal components are readily computed by the method alread 

explained, ) me 
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The web stresses for moving load are computed by taking the difference between the 
horizontal components of the stresses in the chord members, 


EXAMPLE,—Find the stresses in the truss of Fig. 107. Span = 80 ft.; ordinate ga to the parabola (not 


to the chord member) = 16 ft. A highway bridge, class C. The web members form isosceles triangles 
- with dases along the lower chord. 


82. The Double Bowstring or Lenticular Truss, Fig. 108, has both chords in the 


Fic. 108, 


form of a parabola. The floor may be supported along the centre line 1-17, or may be hung 
below along the line A. In the latter case the horizontal wind-truss in the plane AB 
prevents the swaying of the main truss longitudinally. With verticals and diagonals as in the 
figure, the horizontal component of the chord stress is constant, for the sums of the ordinates 
to two parabolas give the ordinates to a third parabola. The stresses in the members bear 
the same relation to their lengths as in the single parabolic truss. ' 

83. The Pegram Truss, Fig. 109, has several claims to economy and general excellence 
of design. Each chord consists of panels of equal length, the upper chord panels being 
shorter than the lower. The upper chord points lie in the arc of a circle, the chord of which, 
2-16, is made about one and one-third to one and one-half panel lengths shorter than the 
span. The versed sine may be so taken that with an economical centre height the lengths of 
the posts will be nearly equal, or it may be so taken that they will decrease in length toward 
the ends where the shear is great. Ina deck-bridge the upper chord is made straight and the 
lower chord curved. Having assumed the chord and versed sine of the circular arc, the 
coérdinates of the joints are readily computed, each chord section subtending the same angle 
at the centre of the circle. j 

Let us take as an example a 200-ft. through-span, Fig. 109, with seven panels, each equal 
to 28.57 ft. The codrdinates of the upper panel points are given in the figure. These points 
lie in a circular arc with a chord of 160 ft. and versed sine of 15 ft. Each top chord member 
between pins is 23.55 ft. long except the centre one, which is s'5 less or 22.37 ft. long. This 
is made shorter to enable the chord sections between splices to be of uniform length, the 
splices being towards the end of the truss orp the pin-points. 


54+ 350 + 400 
2 


The dead load by formula (3), p. 43, will be equal to = 875 lbs. per foot 


er truss. The live load we will take at 1800 lbs. per foot per truss. The dead panel 
ne = 875 28.57 = 25000 lbs. Live panel load = 1800 X 28.57 = 51430 lbs. The stresses 
ill be found by diagram. ; 
i Dead he ee abutment reaction, R,, = 3 X 25000 = 75000 lbs. Laying off 
BA, Fig. 111, equal to this, and AP, PQ, and QR each equal to 25000 lbs., we draw the 
eee Une half the truss as in Chap. II. The dotted diagonals are considered as not in 
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action for uniform load, but in order to get the stress in the counter 5-8 or 10-11 due to dead 
and live load we must here draw the diagram first with 6-7 in action and then with 5-8 in 
action. The resulting compressive stress in 5-8, G’H7’ in the diagram, is afterwards combined 
with the maximum tension due to live load. The resulting stresses as scaled off from the 
diagram are written along each member in Fig. 110, and are marked “D.” For a check the 
875 X (28.57) X 12 


stress in 8-10 is, by moments, equal to = 110700:1Ds, 


238:72 


J 1==126500_g L=~185100 5 L=~214900 7 L=—22/700 9 


Fic. 110. 


FIG. 112. 


Live Load Stresses.—The stresses in the chords and in 1-2 and 2-3 are a maximum for 
full load, and may therefore be obtained by multiplying the corresponding dead load stresses 
by Ye : | 

For a maximum in 3-4 and 4-5, all joints up to 5 should be loaded. The reaction R is 


pa 
then equal to ral +2-+3-+4-+5) = 110200 lbs. Laying this off as BA,, Fig. 112, we 


proceed to draw the diagram as far as piece 4-5 by the method explained in Art. AT ae 
Substituting the triangle 1-4-5 for the original framework we find the stress in 4-5, or EF = 
drawing A,£ parallel to 1-5 and BE parallel to 4-1; then EF parallel to 4-5 and BF ee ai 
to 4-6; whence EF is the required stress in 4-3. To find the stress in 3-4, draw the diagram 
for joint 4 of the original truss. This diagram is BFEDB, the portion SFE being ee 
drawn; £D is the stress in 3~4. : 
For a maximum in 5-6 and 6-7 all joints but 3 and 5 should -be loaded. The reaction 


Lees 
k= TE + 2-+ 3+ 4) = 73470 Ibs. Laying off BA, equal to this, we proceed as for 3-4 and 
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4-5. Substituting the triangle 1-6-7 for the portion of the truss to the left of 7, the diagram 
BA,G and thence GBA determines the stress in 6-7, or GH. The diagram for joint 6 is all 
drawn except the line GF’. This drawn gives the stress in the post 5-6. The stresses in the 
other web members are found in like manner. The last loaded panel in each case is indicated 
by the subscript to the letter A in the diagram. The stresses are given in Fig. 110, 
marked “1.” 

The live load web stresses may be otherwise found by diagram as explained in Art. 80, 
p. 62. That is, by assuming a reaction of 100000 lbs., drawing the corresponding diagram, 
and finding the actual stresses from this diagram by proportion. Fig. 113 is such a diagram, 
with 5A = 100000 lbs. by scale. The few computations may be tabulated thus: 


LIVE LOAD WEB STRESSES. 


i 
Member, | Diagram | tual, | atu 
&, = 100000 Ibs, | 0 : 
. 2 3 4 

3-4 72,100 10,200 79,500 
4-5 72,500 TIO, 200 79,900 
5—6 67,000 73,500 49,200 
6-7 88,700 73,500 65,200 
7-8 77,500 44, 100 34,200 
8-9 121,000 44,100 53,200 
IO-II 185,000 22,000 40,700 


Column (3) contains the actual reactions when the truss is loaded so as to produce the 
maximum stresses in the corresponding members of column (1). Column (4) is obtained by 
multiplying the quantities in column (2) by those in (3) and dividing by 100000. The result- 
ing stresses should be the same as those found from Fig. 112. . 

_If analytical methods are preferred, the same general methods are to be used as given in 
Art. 79, i.e., the chord stresses found by moments and the web stresses by subtracting hori- 
zontal components of chord stresses. In panel 5-7 the compression in 5-8 is to be found for 
dead load by assuming 6~7 as not acting, for the same reason as given in the above analysis.* 

84. The Petit Truss shown in Fig. 114 is the standard form for very long spans. It is 


PADD 


8 
‘in Cee So ee Cae 


i ar a Bn 0 eH] 


{Soret Seer eee 
Fic. 114. 


* 


very similar to the Baltimore truss, the only difference being in the inclined upper chord, 
which is a more economical arrangement for long spans. The pieces shown by dotted lines 
serve merely to support the chords and posts at intermediate points, and form no part of the 


* For a full description of the Pegram truss, see Engineering News, Dec. 10 and 17, 1887. For illustrations of 
details of three such trusses, including the one above analyzed, see Zngineering News, Feb. 14, 1891. 
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truss proper. The vertical ones may be designed to carry the weight of the upper chord ; 
the horizontal ones have no definite load and are made of uniform size, sufficiently strong to 
resist in either direction the buckling of the posts. Omitting these members, the analysis 
offers no special difficulties, as the variation from the Baltimore truss due to inclined chords 
is easily taken into account. If a diagram is used, the fact that the vertical components of 
the stresses in a’3, 0’3, c’5, etc., are each equal to one half of a panel load, enables the 
diagrams for joints 3, 5, 7, etc., as these points are reached, to be readily constructed. 

EXAMPLE.—Find the stresses in the truss of Fig. 114, a double-track railroad-bridge with assumed live 
load of 3000 lbs. per foot per truss, 

85. Double Systems.—In double-intersection trusses, with curved upper chords, each 
system is affected by loads on the other owing to the rising tendency of each angle of the 
upper chord whenever there is any stress in the chord. 

Fig. 115 shows a double-intersection Pegram truss, which will serve as a general example 
of the forms under discussion. The span is 336 ft.; length of panel 24 ft.; height at centre 
45 ft., and at ends 32 ft. The pieces 2-3 and 27-30 are vertical, thus making the distance 
2-30 (the chord of the circular arc) equal to 288 ft.; the versed sine = 45 — 32 = 13 ft. All 
upper chord panels are equal. For dead load or full live load, the diagonals meeting the 
upper chord at 14, 16, and 18 are assumed as not acting. The stresses for such loading are 


fooAas a SK TORN 9 Qo dl la 1s aw lus nV) yer ne Qe ch mmeon 25 29 


then readily found, either analytically or graphically, by commencing at the centre, finding 
12-14-16—-18-20 by moments, and then passing towards the end. The graphical method is 


D— 1%8.0 
L— 219.8 


Fic. 116, 


much the better here. The diagram for dead load, taken at 56330 7: 35000 =sulices 
2 


Ibs. per foot, is given in Fig, 117. After having found 12-20 by moments the diagrams for 
joints 16 and 14 were drawn, thus getting the tensions in 15-10 and 13-14. Then assuming 
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12-15 and 15-20 equally stressed the diagram for 15 was drawn; then for joints 13, 12, 11, 10, 

Fic. 117. 9, etc. The diagram was also drawn for the 
counters, 11-16 and 9-14, acting, as was done 
in the previous examples. This part of the 
diagram is shown to a larger scale in the 
lower left-hand corner of Fig. 117. The 
resulting stresses, marked “JD,” are written 
along the corresponding members in Fig. 116 
The live load chord stresses were found by 
proportion, making a single setting of the 
slide-rule, assuming a live load of 1500 lbs. 
per foot per truss. 


D 
Fic. 1184. ° 


For maximum live load web stresses it is sufficiently accurate to treat the systems as 
independent’ and assume the chord members straight between joints of the same system. 
The maximum stresses are then found as in a single-intersection truss, a set of diagrams 
being constructed for each system. : 

Fig. 118a is the complete diagram for the full system and Fig. 1186 that for the dotted 
system. The stresses are marked “Z” in Fig. 116. 


SKEW-BRIDGES., 


86. Skew-bridges are those in which one or both end-supports of one truss are not 
directly opposite to those of the other. Fig. 120 is a plan and Figs. 119 and 121 are 
. elevations of the two trusses of such a bridge. The 
x! intermediate panel points are usually placed opposite, 

in the two trusses, so that all floor-beams are at 

right angles to the line of the truss. Where the 

skew is not exactly one panel, as at the left end, it 


ce athe $ me oe E A "is necessary to move the point K backward and K 
cas forward in order that AK 'A’ may bea plane figure. 
SIR. = 30! [ep Ad Fs His ee 
oe oo 
Rea sk Te D E F G Ft 
FIG. 120. A B c D E F G Hq 


BIGS 12. 


The hip verticals are thus slightly inclined, and loads at their bases will affect the lower chords 
directly. 
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In the analysis, each truss must be treated separately unless the skew is the same at each 
end and the trusses therefore symmetrical. As far as the load on the trusses is concerned, it 
may be assumed as applied along the centre line XY. A full floor-beam load is equal to one 


h ; 
panel load except for GH’ and BS’. In the former case it is pd x _ and in the latter 


pd X =. All floor-beam loads are divided equally between the trusses. For any particular 


loading it will be necessary to compute actual joint loads according to the above principles, 
since in no case are they the same as would be the case in a square bridge. With the joint 
loads computed the analysis is simple. 


86a. The Ferris Wheel.—PROBLEM: To find the stresses in the rim and spokes of a wheel supported 
at the centre and loaded with equal loads, W, placed at each of the joints of the rim. 

Let there be 36 segments as in the well-known Ferris 
wheel; let »=radius and @=angle between consecutive 
spokes, = 10°. We will consider two cases: 

ist. When the spokes are rods capable of reststing tension 
only.—In this case it will be assumed that the spokes have 
such initial tension in them that when the loads are applied 
all will still be in tension except the spoke a, whose stress will 
be reduced just to zero. 

Let Si, S,, etc., be the stresses in segments 1, 2, etc., of 
the rim, and S,, Sy, etc., be the stresses in spokes a, J, etc. 
Treating the joint at the top of the wheel as free and remember- 


Q F eG : 
ing that S, =o, we have (S$, + Sse) sin 2a W = 0, or since 


% W a é 
S1==1-Sse9 St == COSEC es The stress in any other segment, 


as Ss, may be found by passing the section fg, treating the 
portion to the right and taking moments about the centre of 
Fic, 121¢.—TuHe FERRIS WHEEL. the wheel. This gives 


Sx = Sr + Wrsina+ Wrsin2a+...+ Wrsin 7a,* 


hence Ss=W (3 cosec < + sina +sin2@a+...+4 sin 72). 


The segment having the greatest stress is No. 18, and the value of this stress is 


a x : 
Suet w (3 cosec > + sina + sin 2a+...+4 sin 174) SS IG LINO 
Ace lis ; a 
The tension in any spoke, as 4, is S;, = (.S1 + Ss) sin a ae W cos #, where ;) is the inclination of spoke / to’ 


the vertical. The spoke having the maximum tension is Z and its stress is St = (Sis + Sis) sin = +W=4¥ 
: ; 


The initial tension required to produce the conditions assumed above is 2W in each spoke, as may be 
proved thus: By symmetry, if we apply loads of W upwards, the tension in a will be 4W and the stress in 
¢ will be zero; hence if we apply loads of 7” both upwards and downwards (equivalent to removing all loads) 
the stresses in a and ¢ will be means between these caused by the extremes of load, or the stress in both a 
and ¢ will be 2, and hence 2 W in all other spokes. 

2d. When the spokes are stiff members and put in without initéal stress.—The tension in any spoke will 
in this case evidently be the same as in the first case, minus the initial tension of 2 W; that is, the stress in 
a will be 2 W compression and that in ¢ will be 2W tension. The stress in any segment of the rim is the 
Same as in the first case, minus the stress caused by the initial tension of 21 in the spokes, or minus 


a : W a 
W < i $ i 

cosec >. The stress in segment 1 will then be Dz Cosec > = 11.48 W tension, and the stress in segment 
18 will be Sie= W(— = + si in 17a 
Ww e. Sis w( 4 cosec s +sin@+sin2@4+...+4sin 17@) = (17.16 — 11.48) W = 5.68 W compres- 


sion. The above are the maximum and minimum stresses occurring in the spokes and rim for this 


. . . . . . . Mia 
The wind stresses are readily obtained, since each Joint 1s supported separately by diagonals from the a 


xle. 


* Since there are 36 i = a oe 
€ 36 segments of this wheel, or @ = 10° and he 5°, it is here assumed that the length of the 


radius is the distance from the centre to the joint and also to the middle of 
assumed cos 5° = I, which involves an error of 2 of one per cent. 


the rim-segment. In other words, it is 
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CHAPTER V. 
ANALYSIS OF BRIDGE-TRUSSES FOR WHEEL-LOADS. 


87. THE. preceding chapter -has treated all live loads as uniformly distributed. While 
this method of treatment is in general use for highway bridges and to some extent for railway 
bridges, it has become the general practice in the latter case to deal with actual specified 
wheel-loads and to find the maximum stress in each member due to these loads. In highway 
bridges also, the concentrated load specified usually determines the maximum stresses in the 
floor-stringers and sometimes in the floor-beams. It is proposed in the following discussion 
to show the method of finding the position of any given system of wheel-loads which will 
give the maximum stress in any member, and also how to find such stress. 


DERIVATION OF FORMULA. 
PLATE GIRDERS. TRUSSES WITH PARALLEL CHORDS AND VERTICAL WEB-BRACING. 


88. Influence Lines; Definition.*—A curve representing the variation of moment, 
shear, panel load, stress, or any similar function, at a particular point in a structure or in any 
particular member, due to a load unity moving over the structure, is called an exfluence line 
The difference between an influence line and an ordinary moment or shear curve is that the 
former represents the variation in the function for a particular point, due to a moving load, 
while the latter represents the variation in the function along the structure due to some fixed 
load. 

The equation of the influence line for any function is derived by writing out the value of 
the function for a load unity when placed at a variable distance x from one end of the 
structure taken as the origin. In all the cases here treated, the equation is of the first degree 
and the influence lines are therefore all straight lines. 

The chief use of influence lines is in determining that position of a given set of loads 
which will produce the maximum value of any function; and in representing to the eye the 
influence exerted upon the value of this function by the various elements of the load, and 
also the effect of shifting the loads in either direction. A subordinate use, however, of these 
lines is in getting the actual value of these functions. 


* For a more detailed discussion of influence lines than here given, see a paper on Stresses in Bridges for Con- 
centrated Loads by Prof. G. F. Swain, Trans. Am, Soc. C. £., July, 1887, from which much has been drawn in the 


following discussion. 
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Bending Moment. 


89. Influence Line for Bending Moment in a Beam, or at any Joint of the Loaded 
Chord of a Truss.—Let C, Fig. 122, be the point at a fixed distance a from the left end; 


and let + =the distance from the load unity to the 
xc 


right end. Then we have, when P is to the right of C, 
a 


|,, moment at C= Ps <a SP, or 1). ' Ehissis: the 


t 
" P(X5-L}) ney ae 
RIO 


. equation of the straight line B’D, where the ordinate 
A 
OR : a Sey eR al—a 2 : z 

se bi pee 3 : = Be CD= ee x 1. Likewise when FP is to the left 

Az Hit - —%1—-1— — 

ee of C the moment at C is represented by ordinates to . 
A ae 2 Ts’ the line A’D. Then A’DB#’ is the influence line for 

Fie, 122. moment at C. 


The moment at C due to a load P,, at any point 

O, is equal to the ordinate y, under the load, multiplied by the load; for the ordinate y is 
equal to the moment due to unity load. The moment at C due to any number of loads may 
thus be found by multiplying each load by its corresponding ordinate and adding the products. 
The moment at C due to any length of uniform load of f~ per unit length is equal to the 
area between the extreme ordinates, multiplied by g. For the moment due to an element, 
pdx, of load, = pdxy, where y is the ordinate under the load; and integrating between the 


limiting values of x, x, and x, ,we have: total moment = pf yde =p X atea BFAK.” Phe 
moment due to a full uniform load = area A’B'D X fp. 

90. Position of Moving Loads for a Maximum Bending Moment in a Beam or 
at any Joint of the Loaded Chord of a Truss.—Let A’DJ#’, Fig. 123, be the influence 
line for moment at C. 

The maximum moment due to a uniform load is when the load extends from A to B. and 
is equal to the area A’DS’ multiplied by p, where 
g@ = load per unit length. 


AtéeaA DB 30 


eae = fa(/ — a). 


Whence the maximum moment = Pall — a) ~. (a) 


Since the moment at C due to any load P, = Py, 
this moment is a maximum when the load is at C and 


al — 2) 
naa 


is equal to P 


For two equal loads, P, a fixed distance, d, apart, the moment is evidently a maximum 
when one load is at the point and the other is on the longer segment of the beam, for thea 
y+y’isamaximum. This maximum moment is equal to 


al—a) , a/—a)_ l—a-—-d 2a(t— a) — ad 
A iy aes x SS *)\ = pean @ jo We vere (2) 


The above results for these three special loadings have been derived in Chap. TV, though 
in a different manner. 

The position of azy given system of loads to produce a maximum moment at C will now 
be derived. This general case includes also the above special cases. 

Let G,, Fig. 123, represent the sum of all the loads between A and C for any part siesias 
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position of the loading, and let this single force be applied at the centre of gravity of these 
loads. Ina similar manner let G, replace the loads on the right of C. Now since G, has 
the same effect upon the abutment reaction at B as do the loads which it replaces, it follows 
that it has the same effect upon the moment at C as do these loads. Likewise for G, 
Hence the moment at C due to our given system is 


M=G,y,+ Gir: 


Now let the entire system move a small distance Sx to the left, no load passing A, C, or B 
The moment will become ; 


M+ 6M = Gy, — 6x tana,) + Gj y,-+ ox tana,). 
By subtraction we have 


6M = G,ox tan a, — G,ox tan a,, 
and hence 
OM 


Ox 


G. G 
= G, tan a, — G, tana, = C'D[ Ary — Gea). plomiGe ich GO (3) 


G 


2 1 


; OM ae 
For a maximum value of J, (ee dee) mn must change from positive to nega- 


tive, that is, must pass through zero, as the loads are moved to the left. The values of G, 
and G, can change only when a load passes 4, C, or B. A load passing A decreases G, anda 
load passing & increases G,, but a load passing C increases G, and decreases G,; therefore it 


Fo 1 


is only by this last method that C’B' ~ ag an be changed from positive to negative and 


the moment made a maximum. For a maximum moment, then, a load should be at C such 


2 z 


? G. : ae 
that when considered as part of G, the expression CR’ ~ arcs positive, and when con- 
; ; ae : p G, 
sidered as part of G, this expression is negative. Or, stated in another way, when ac can 


be made equal to pos by considering a part of the load as located on one side of C and the 


(eH 7 
remaining part as located on the other side. If a distributed load is passing C’ this condition 
can be definitely satisfied. 
as G, seis wi Gaels Gy Fama ; 
From the equality CB ~aE we have, by composition, AB = Atel, Ob if 


G=G,+G,, we have 
fai: 


AiG = WR aera ohare es och oM (0) 


This is the most convenient form of the criterion for maximum moment. Expressed in 
words it is that the average unit load on the left of the point must be equal to the average unit 
load on the whole span. The unit of length may be taken as a foot» or a panel length. The 
latter is the more convenient for trusses of equal panels. 

For a given set of wheel-loads there are usually two or more positions which will satisfy 
this criterion. The moment for each position must be computed and the greatest value 
taken. 

91. The Point of Maximum Moment in a Beam or Plate Girder.—Under any given 
position of the loads the point of maximum moment is the point of zero shear, as proved in 
Mechanics,* but as the loads are shifted, this point moves and the moment at the point 


* See also Chap. VIII. 
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varies. The problem is to find that point in the beam at which this moment is the greatest 
that can occur in the beam, and the corresponding position of the loads. 

Let G, Fig. 124, represent the sum of the loads 
on the beam ABS; 4, the distance from BZ to their cen- 
tre of gravity; C, the required point of maximum 
moment; and G,, the sum of the loads to the left of C. 
Then the condition of zero shear requires that 


b G _G, 
Ke .= 7 =G&, or i gee 9 $0 


If the moment at C is the greatest which can occur in the beam, then it must be the 
greatest which can occur at the point C. But for a maximum moment at any point we have, 


G, JG 
by eq. (4), 77 
Hence for the point C 
GG 
SG =%, whenceia = 6.) 24.0% (a ee eee (5) 


The point C will lie near the centre of the beam and under some wheel when that wheel 
and the centre of gravity of the loads are equidistant from A and B. This condition, together 
with eq. (4), will serve to determine this point of maximum moment.* 

92. Influence Line and Position of Loads for Maximum Floor-beam Concentration. 
—Let AB and BC, Fig. 125, be two consecutive panels of any lengths d, and d@,. A load of 
unity moving from C to B produces a load at 
B proportional to the distance of the load from 
C. The line C’D, with ordinate DB’ equal ia 
unity, is then the influence line for floor-beam 
load at B when the loads are between C and B- 
Likewise DA’ is the influence line for loads on 
the portion BA. The load at B, produced by | 
any load P, is equal to Py’; and the load pro- gel 
duced by a uniform load g per unit eee A yi ies c' 
tending from 4 to C is equal to Fic. 125 
a,+d, 

2 
The influence line in Fig. 125 is of the same form as that in Fig. 123, and as the 
criterion for maximum moment in no way involves the length of the ordinate B'D the same 
criterion must hold good for maximum panel reaction. That is, the average untt loads on the 
two panels must be equal to each other and to the average unit load on be If the panels are 
equal, then the total loads in the two panels must be equal, 
If A” DC” (Fig. 126) be the influence line for moment at B in a beam AC, of length 


- ; eee aa, 
4,=a,-+ d,, the ordinate D’B” will be equal to PR and the ratio of any two correspond- 


ing ordinates y’ and y” in Figs. 125 and 126 is equal to the ratio of DB’ to D’B” = 
De iedicnd e 
I+ ay eT Whence the floor-beam reaction at B in Fig. 125 due to any load P is 


Poearca ADC! =p x , a result evident by inspection. 


equal to the moment at B, Fig. 126, due to the same load, multiplied by soe Moreover 


Ret 


the loads as does 
m of length equal 


to d,+ d, at a distance d@, from one end and multiply this moment by ae and we shall 
a2 


since the maximum floor-beam concentration occurs tor the same position of 
the maximum moment, we have only to find the maximum moment 1n a bea 


aeeeseee 


* See p. 83 for a numerical example. 
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have the maximum floor-beam concentration for panel lengths of d,andd, If d,=d,=d, 


i? 
_the factor is s. 


a 
; Shear. 
93. Influence Line and Position of Loads for Maximum Shear at any Point in a 
Beam.—The shear at C in the beam AB, Lig 127, 
due to a load unity moving from B towards A in- 


creases from zero for the load at B to + af for the 


load just to the right of C. As the load passes C the 


a : 
shear becomes — — and increases to zero at A. Any 


is 
movement of loads to the left, therefore, increases the 
positive shear at C until some load P passes C, when ES Ue 


the shear is suddenly decreased by an amount equal to 


=a 
see -b “| = FP. For concentrated loads, therefore, the shear reaches a maximum each 


time a load reaches C. The greatest of these maximum values evidently occurs when one of 
the wheels near the head of the train is just to the right of C. 

To determine which of two consecutive wheels, P, and P,, causes the greater shear when 
placed just to the right of C, let 6 be the distance between these wheels, and G’ the total load 
on the beam when P, is at C. Let the loads advance a distance 6 from this position, thus 
bringing P, at C. The effect upon the shear is first to decrease it suddenly by an amount P,, 


y; 


and then to increase it gradually by an amount equal to G’é tan a, = is The total increase 
if 
is therefore erin P,. According as this expression is negative or positive will wheels P, or 
Ge E* 
P, give the greater shear. For equal shear, FF aie Moe emer soge rei (6) 


The slight increase in shear due to additional loads that may come upon the beam from 
the right has been neglected. If G’’be the total load on the beam when P, is at C, then the 
G’b 1 OA aa te 

increase in shear will be somewhere between aye ks and Sere When the former 

expression is negative and the latter positive, then both positions should be tried. This will 

occur only for a short distance, to the left of which both are positive and to the right both 
are negative. 

94. Influence Line and Position of Loads for Maximum Shear in any Panel of a 

Truss.—Let AB, Fig. 128, be any truss and FC any panel. Let x = total number of pan- 

els, #2 = number on the left of C, and m’ the 


number on the right. Then m’=x—m. The 
shear in /'C for a load unity moving from B to 
C will be equal to the left abutment reaction 


, 


and will increase from zero at B to —— at C. 
nt 


For the same load moving from F to A the 
shear is negative and equal to the right abut- 
ment reaction, thus increasing from a value 


m— ti 
= At Patorzero at An between @ andes 
n 


Fic. 128. the load is carried to these two points by the 
floor-stringer, the amount transferred to each being proportional to the distance of the load 
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from the other. The shear thus varies uniformly and the influence line for this portion is 
the straight line DX, giving the complete influence line A’KDB’. 

For a maximum positive shear due to a single load the load should evidently be placed 
at C. A uniform load will give the maximum positive shear when extending from B’ to £, 
and the shear-will then be equal to p x area ADB’. Now HC’: DC's: FC’) DC op ee 


whence EC’ = tae ax = be = aglal a result already found in Art. 69. The 
n m+m—-1t nu—t 

4 Se f we = pe the same as eq. 17 (a) 

shear = p X area EDB 7 Ba reg a! (a — 1) q: ’ 


page 51. ; 
For concentrated loads, let G, represent the portion from A to F, G, that in the panel 
f€, and G, that on the right of C. We then have the total positive shear 


S = G.I, =e GW, ca Gide. 
Let the loads move a small distance Sx to the left. The shear will then be 
S+ 6S = Gy,+ dx tan a,)+ Gy, — 6x tan a,) — Gy, — 6x tan @,). 


By subtraction and division we have 


oe) 
% oz ©: tan a, — G, tan a, + G, tan a, 


I wz — | I 
=> Cw Cae Si Gia 


For a maximum ©; whence 


ES = 
G, — Gu — 1)+-G,=0, 

or 
elgg aa 


a n n° 


EMEC Seria 


That is, for a maximum shear in any panel the load in the panel must be equal to the load on the 
ae oS 
truss divided by the number of panels. The only way oy can be made zero by passing from 


positive to negative, and so giving a maximum and not a minimum as the loads are moved to 
the left, is by aload passing Cor A. But for the greatest positive shear there should as a rule 
be no loads on the portion AF. Hence the maximum shear will occur with some wheel near 
the head of the train at C, such as will satisfy the above criterion. 

Since a wheel passing C’ causes a large relative increase in G,, it will be found that the 
maximum shears in several panels will occur with the same wheel at the panel point to the 
right. To find for what panels any particular wheel P placed at the panel. point to the right 
will give a maximum shear, let G, represent the wheels in the panel other than the wheel P. 
Then if Pat the right-hand panel point gives a maximum, the criterion requires that G > nG, 
and <2(G,-+ P). Wheel Pat the right-hand panel point will then give a maximum so long 
as the entire load upon the bridge lies between 7G, and nG, -|- P). 


COMPUTATION OF STRESSES. PLATE GIRDERS. TRUSSES WITH PARALLEL CHORDS AND 
VERTICAL WEB BRACING. 


95. Wheel-loads; Tabulation of Moments.—A diagram such as is shown in Fig. 129 
is of great assistance in finding stresses due to actual wheel-loads.* The diagram in the figure 


* See p. 1084 for a similar moment table for Cooper’s Conventional Loads. 
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| Be is for Cooper’s Class “Extra Heavy A.” Such a 
= diagram should be made up for each system of loads 
8 in use. 
mts taste All loads are given in thousands of pounds and 
AES ass all moments in thousands of foot-pounds. The 
; i loads given are one half the total loads, being those on 
alg seais Sei one rail. All distances are given in feet and tenths, 
a Pale instead of feet and inches as in Cooper’s specifications. 
iaigG@alcaak The various horizontal columns contain the 
FIBRES) SB following data, beginning at the top: 
: I. Summation of loads from right end. 
icles Stilelel-< 2. Summation of loads from left end. 
“Se SSS aS SSS 3. Distance between wheels. 
elel “Se ae 4. Summation of distances from left end. 
PES: eS faloleisiatchelalea g 5. Summation of distances from right end. 
SP PRSE SREP 3 6 to 15. Summation of moments about the wheel 
Pare er z heen , 
SI Se elalaalelalcleie 19 3 vertically over the step in the heavy stepped line. 
a et ESR E EL * The weight on each wheel is given in heavy 
lS, ona cnnaane 3 figures on the respective wheels and is in thousands 
@ SSS EE gS ae z of pounds, The figure in the small circle is the 
| (en || a ae 3 number of the wheel from the left end. 
ih ab, angel | = 96. Application of the Foregoing Principles 
aoegegeeuees iS to a Pratt Truss.—Let us take a truss of 200 ft. 
ee 2 span with eight panels and a height of 32 ft., Fig. 
sisl_ 6 2 130. Live load only will be considered here. 
=|- a8 a 
Slesletichclalsicacolatcles “ES Chord Stresses. 
“PPAR Reeee Ry) The maximum moments at 8, c, d, and e di- 


vided by 32 ft. will give us the maximum chord 


Distances given in feet. 


stresses. These maximum moments will now be 


2-104 TON COOPER’S CLASS EXTRA HEAVY A ENGINES 


Loads given in thousands of pounus for one rail. 


possible load, and that heavy concentrations will 
have the most effect when near the point of mo- 


Isla siclasigisios found by the aid of the diagram Fig. 129. The 

Boece a8 5 criterion for maximum moment is that the average 

gate ccelaa load per unit length on the left must equal the 

eeeeseace average load per unit length on the whole bridge. 

Jee via ae A panel length will be taken as the unit. 
dagicelsai-s _ Ist. Moment at 6.—It is evident that, in gen- 
ar ERSEE _ eral, the bridge should be loaded with the heaviest 

g 


8695.4 
7639.8 


04. ; 
‘|10409.2 | 8985.7 
: 9612.2 
9449.0 
8347. 


ments. 

Let us try wheel 2 at 8, The bridge will 
extend 175 ft. to the right of 2, and hence 
175 — 94.9, = 80.1 ft., of uniform ldéad will be on 
the bridge. Total load then = G = 208 + 80.1 


11233.0, 
10404.2 
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G 28.1 ale 4 pe G, Pes G, 
1.5 = 328.1, and i — = 41. Load to the left divided by a4, = ce 


sidering wheel 2 as on the right ; or = 23, considering wheel 2 ason the left. Since both these 


5 == oy 1cOns 


values of G, are less than a the moment at 6 will be increased by moving the loads to the 
, a 


left. 
Try wheel 3 at 4 


G7 E28 tA peo LS 


= 42.1, 
a 8 4 
G23 528 
= =s'—t0 
ab I I 


and hence the moment will be increased by moving the loads to the left. 
Try wheel 4 at 0. 


G 208 + (175 — 84.6)1.5 z= 


at 8 42-9) 
Gpns8) 053. 
ab I I 


e 


G : 
One of these values being less and the other greater than eat wheel 4 at 4 gives a maximum 


moinent. 

To find this moment, get first the abutment reaction at a. Line 6 gives the moment of 
the wheels about the point 19 at the left end of the uniform train load. It is 11233. The right 
abutment is 175 — 84.6, = 90.4 ft., to the right of 19. Hence the total moment of the load 


1.5 X (90.4)? 
2 


about the right abutment is 11233 + 208 X 90.44 = 30168. Left abutment 
36168 36168 


36168 ; “a -: 
8X25" Moment of left reaction about 6 = 8X 26 Se DE == 3 


moment of the wheel-loads to the left of 6 about 6 is given in line 12 between wheels 10 and 
11, and is to be subtracted from the moment of the abutment reaction. Hence, moment at 
b = 4521 — 369 = 4152, thousand ft.-lbs. 


reaction = 


= 4521. ebhe 


Let us see if there are other maximum values. With wheel 5 at 4, _ 43.8 and 
G, = 53 to 68, thus showing that this position does not give a maximum. As the loads are 
moved farther to the left, G, will be made less than = by some wheel passing a, but this causes 
a minimum, not a maximum. As the loads are- moved still farther, G, will again be made 
greater than = by some heavy wheel 11, 12, or 13 passing 6. This will give other maxima, 


but not so great as that found above, since now we have a uniform train-load on the right, in 
place of heavy engine-loads. The actual moments for wheels 11, 12 and 13 at 6 are 3802, 


3923, and 3801, respectively. Wheel 4 at & therefore gives the greatest possible moment. 
2d. Moment at c.—Try wheel 6 at c. 


G 208 + (150 — 73)1.5 
ea et ek 
GOS Fae, 


1 


2 ae 
Pay i > — 34 to 38. Hence no maximum, 
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Wheel 7 atc 


G _ 208 + (150-68.2)1.5 
au ae 8 ay 41.3, 


Grn 77) 86 
et ea 1 OAS. 


Hence wheel 7 gives a maximum moment at c. Wheel 8 is found to give no maximum, and 
hence wheel 7 gives the greatest possible moment. 


if 2 
11233 + 208 X 81.8 + Sees 


Moment at ¢ = 8 xX 2 — 1460.1 = 6857.4. 


7 


3d. Moment at d.—Wheels 11 and 12 are found to give maximum moments. The corre- 
sponding moments are 8530.5 and 8536.0. 

4th. Moment at e.—Wheels 13 and 14 at e give maxima. The corresponding moments are 
9029.0 and 9030.9. 

We have, then, by dividing the moments by 32, the following 


LIVE LOAD CHORD STRESSES. 


Point. Max. Moment. Pieces ; Stresses. 
b 4152 abe 129.8 
c 6857 cd and BC 214.3 
a 8536 de and CD 266.8 
e 9031 DE 282.2 


Web Stresses. 


The maximum stresses in all the web members except 64 and “f/ result directly from 
the maximum shears in the various panels. Those in 64 and #H are equal to the maximum 
panel load, which will be found below. The criterion for maximum shear is that che fotal load 
divided by the total number of panels must equal the load in the panel. 

ist. Shear in ab.—For this panel the criterion for shear is the same as for moment at 4, 
hence the same position will give a maximum in both cases. Wheel 4 is at 6. Shear = abut- 
36168 
SG25 
The panel load at a is obtained by finding the moment of the wheels I, 2, and 3 about 6 and 
dividing by the panel length. This moment is given in line 12 between wheels 10 and 11 and 


ment reaction minus panel load at a2. This abutment reaction was found to be == 1800: 


369.2 
is equal to 369.2. Whence shear = 180.8 — cL OWO: 
2d. Shear in bc.—Try wheel 3 at c. Fotal load on the bridge = G = 208 + (150 — 89.1)I.5 
2003. = = 37.4. The load in the panel = G, = 23 or 38. Hence wheel 3 at c gives a 
maximum. Shear = abutment reaction minus load at 0 


1,5 (60:0); 
11233.0-+ 208 X 60.9 + ——>- 198.2 __ ey ars 
= 200 20 ‘i 
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Try wheel 4 at c. 
G __ 208 + (150 — 84.6) 1.5 


8 8 = 38.3, 
G, = 38 to 53. Hence wheel 4 gives a maximum. 
Is 6c.4)? 
11236.2 + 208 X 65.4 + 5 = 5.4) ae 
Shear = 200 a 25 = WZiGeAs 


G 
As the loads are moved still farther to the left, G, becomes greater than >; it is then 


made less by some wheel passing 4, thus giving a minimum, and is again made greater by 
some wheel II, 12, or 13 passing c, thus giving another maximum. Such a maximum is 
evidently much less than that found above. 

3d. Shear in cd —Wheel 3 at @ gives the only maximum value. Shear = 90.4. 

4th. Shear in de.—Wheel 3 at e gives the only maximum, the value of which is 60.1. 

5th. Shear in ef —Wheels 2 and 3 give maxima. With wheel 2 at f, the end of the uni- 
form train-load is 94.9 — 75, = I9.9 ft., to the vzght of the end of the bridge. Wheel 14 is 
therefore the last wheel to the right that is on the bridge, and is 26.5 — 19.9, = 6.6 ft., to the 
left of 2 Moment about z= moment about wheel 14-172 x 6.6. Hence 


6257.0 + 6.6. 64.8 
shear in 7 0257.0 5 172 X 0.0 on — 34.4. 
With wheel 3 at f, 


$347.0-+ 190 X 0.5 198.2 
200 Tos) aaa 


shear in ef = 


6th. Shear in fg—Wheel 2 at g gives a maximnm, whose value is 16.27. This positive 
shear would probably be less than the dead load negative shear and would therefore be needed 
only to show that fact. 


The dead load negative shear to the right of g would be much greater than the live load 
positive shear, 


Multiplying the above maximum shears by cosec 6, = V 26° 1397 = 32, = 1,260, for the 
stresses in the diagonals, we have the following 


LIVE-LOAD WEB STRESSES. 


Panel. Shear, Piece. | Stress, Piece. Stress. 
ab 166.0 aB + 210.6 
bc 125.5 Be = Wio)..3 
ca go.4 CG go.4 Ca — 114.7 
ae 60.1 aD + 60.1 | De — 76.3 
ef 34-4 cE + 34-4 | Lf — 43.7 


The proper positions of the loads might have been more quickly found by finding for 
what panels each of the wheels 2, 3, and 4 would give a maximum shear when placed at the 
right-hand panel point, as explained in Art. 94. Thus with wheel 3 at this panel point, G, 
varies from 23 to 38 and 8G, lies between 184 and 304, which are then the limiting values of 
G for wheel 3 to give a maximum. Wheel 3 therefore gives a maximum when the end of the 
bridge lies between wheel 16 and (304 — 208) + 1.5, = 64 ft., to the right of point 19; that is, 


when wheel 3 itself is from 74.5 ft. to 153.1 ft. to the left of the right end of the bridge. 
This includes panel points f, e, ad, and c, as found above. 
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The field of wheel 4 is likewise found to lie between 148.6 ft. from the right end, to the 
left end, thus including points ¢c and 4, 

The field of wheel 2 is from 14.8 ft. to 80.3 ft. from the right, thus including points , 
& and f. 

It is to be noticed that consecutive fields overlap by an amount equal to the distance 
between wheels. 


Floor-beam Reaction ; Stresses in Hip Verticals. 


These are a maximum when the joint-load is a maximum, By Art. 92 the maximum 
joint load is equal to the maximum moment at the centre of a beam 50 feet long, multiplied 


2 
by 7 Wheel 4 at the centre of such a beam is the only wheel giving a maximum moment. 


1958.9 + 95 X 2.8 
2 


The value of this moment = — 369.2 = 743.2. Hence the maximum floor. 


2 
beam load = 743.2 X 2 = 59.46. Two such loads applied on the floor-beam at the points of 
attachment of the stringers will produce the maximum moment and shear in the beam. 
These are readily computed. 

In the diagram, Fig. 129, the floor-beam concentration or stress in hip vertical may be quickly found by 
placing wheel 13 over the floor-beam and then deducting from the total load on the two adjacent panels the 
part which is transferred to the two adjacent floor-beams by the stringers. Thus, as wheels 10 to 17 are 
on the two panels, the total load is 95 and the part transferred to the adjacent beams is, taking moments 


about wheel 13 and which are given in line 12, 3092 ¥ S193 = 35.5. The beam concentration is therefore 


95 — 35-5 = 59.5. 
Stringers ; Maximum Moment and Shear. 

The maximum moment will be near the centre and, by Art. g1, will be under some wheel 
when that wheel and the centre of gravity of the entire load on the stringer are equally 
distant from the centre. Length = 25 ft. 

It will be simplest to first find what wheels placed at the centre will give a maximum 
moment at that point. These are found by the criterion of eq. 4, p. 75, to be wheels 3 and 4. 

With wheel 3 at the centre, wheels 2 to 5 are on the stringer. The distance of the centre 
of gravity of these four wheels from 5 is found by taking moments about wheel 5 or, as given 
in line 11 of the diagram, about wheel 14, to be 424.5 + 60 = 7.1 ft.; hence wheel 3 should be 
placed a distance (9 — 7.1) + 2 = .95 ft. to the left of the centre. The moment under wheel 
3 is then found to be 233.5, = 60 X ae — 87. 

With wheel 4 at the centre, wheels 2 to 6 are on, and the centre of gravity of these 
five loads is found to be 12.3 ft. to the left of 6, and .7 ft. to the left of 4. With wheel 4 
35 ft. to the right of the centre the moment under 4 is found to be 234.7, the required 
maximum. 

The moments at the centre under wheels 3 and 4 are 230.2 and 234.3 respectively, values 
very nearly as great as the above, thus showing that the moment varies but slightly near the 
centre of the stringer. 

The maximum shear in the stringer dvcurs at the end, when one of the wheels is about 
to pass off. Wheel 2 at the left end will evidently give a greater reaction than will wheel 1. 
With wheel 2 at the left end, wheel 6 will be (8.1 + 25) — 30.0 = 3.1 ft. to the left of the 
1090.5 — 8 X 30-+ 69 X 3.1 

25 
the left end the shear is found to be 41.58. The required maximum is therefore 42.58. 

97. Plate and Lattice Girders.—The maximum moments and shears are found at 
several points along the girder, and from these the flange and web stresses are obtained. In 
addition to these moments the maximum moment possible in the girder may be found as in 


= 42.58. With wheel 3 at 


right,end. Left reaction = shear = 
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the case of the floor-stringer above, by testing a few wheels which give a maximum at the 

centre. 
The other moments are found by the same method as illustrated in the preceding article. 
The shear at any point is a maximum with either wheel 1 or 2 just to the right of the 


, 


pears eh cé ake 
point. Wheel 2 at the point will give a maximum whenever ee Ti and wheel 1 will give a 


all 


maximum when a a where G’ = load on the girder with wheel 1 at the point, G’ = load 


on the girder with wheel 2 at the point, 6 = distance between wheels 1 and 2,and P, = weight 
of wheel 1. This follows from Art. 93. 
: Lae By pes 

Thus for a 60-foot girder, ae gg and 3! = 59.4. Hence when G’5 59.4, wheel 2 
gives the greater shear; that is, when five or more wheels are on the girder with wheel 1 at the 
point, which would be for all points 22.9 ft. or more from the right end. When G"=59.4 
or when there are four or less loads on the girder with wheel 2 at the point, then wheel 1 
gives the greater shear; that is, for all points less than 14.8 feet from the right end. Between 
14.8 and 22.9 feet from this end both positions should be tested. 

98. Graphical Methods. Load Line and Moment Diagram.—The following graphical 
methods of computing stresses for actual wheel-loads are mostly due to Dr. Henry T. Eddy. 
They are given by him in a very elaborate paper discussing the whole subject, in the Z7ans. 
Am. Soc. C. E., Vol. XXII, 1890, paper No. 437.* 

These methods offer considerable advantage over the analytical methods as regards speed, 
and if the diagrams are drawn carefully and to a large scale they are sufficiently accurate for 
computing the stresses in the main members of a truss. For floor-beams and stringers the 
moment table should be used in getting moments and shears, but the diagram may be used 
in getting the fosztion of the loads. 

The diagram, Fig. 131, is constructed as follows: Upon profile paper, or upon 
specially prepared cross-section paper, is first laid off the wheel-diagram, to a horizontal scale 
of about 8 ft. to the inch. The wheels are numbered, their distances apart noted, and vertical 
lines drawn through each. The stepped “load line,” 1-2-3-4-, etc., is simply a line whose 
ordinates, measured from the horizontal reference line O-o at the bottom of the sheet, are 
equal to the summation of the loads to the left. It thus consists, over the wheels, of a series 
of steps, each step being equal by scale to the load below. Over the uniform load it is a 
straight line rising at the rate of 1500 lbs. per foot. A convenient scale for loads is about 
20,000 lbs. to the inch. 

The moment lines; numbered 1, 2, 3, 4,... 18, at the right edge; are sconstructcd my, 
beginning at the horizontal reference line at some point near the right end of the sheet and 
laying off successively on a vertical line the moment of each wheel about that point, beginning 
with wheel 1. Then the line 1 is drawn from the reference line over wheel 1 to the first point 
thus found; the line 2 through the intersection of line 1 with the vertical over wheel 2, and 
the second point so found; then 3 through the intersection of 2 with the vertical over wheel 
3, and the third point; etc. A scale of one one-hundredth of the scale for loads will be found 
convenient. The ordinate at any point, from the reference line to any one of these moment 
lines, is thus equal to the sum of the moments about the point of the loads up to and includ. 
ing the load corresponding to the moment line taken. Also the ordinate at any point between 
any two lines, as between 2 and 8, is equal to the sum of the moments of wheels 3 to 8, inclusive, 
about that point. The broken line AB, formed of segments of moment lines, is evidently an 
equilibrium polygon for the given loads. The portion BC above B isa parabolic curve and can 
be easily constructed by computing the moments of the portion of the uniform load between B 
and points to the right, about those points, and laying off these moments above the line 18. 

Zane stepped load-line had been used in the office of the Cincinnati Southern Ry. at Cincinnati, since 1$S1. The 


moment lines were published by Prof. W. H. Schuerman in 1886. See Proc. of the Eng. Assoc. of the South, Vol. 1X, 
P. 35. 
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99. Application of the Diagram, Fig. 131, to Finding Maximum Moments.—Before 
using the diagram, the panel points of the truss, or the points along the beam where the 


TTT 


—o = SSSS=m6 : ¢|38000 


Diagram for 
==} COOPER’S CLASS EXTRA HEAVY A === 
CONSOLIDATION ENGINES, : 
followed by a 
UNIFORM TRAIN LOAD 
29— of 3,000 Ibs, per foot. 
Loads on one rail, = 14 Full Loads 
are Plotted. _ 


7 


S| 
I 


TT 


unas 
| 


f 


a (rf = 
1 So r=) 
oads in Thousands, of 
COO Ht 
nua 


170) 180, ue 2 
Am. Bank Note Co.N.Y. 


28 
= 
faa 
=a) 
= 
= 
Ss 
iS 
Te 
{ 
— 
2. 
S 
Ss 
2) 
iS 
L 
I 
f= 
Ss 
= 
iS 
fo) 
= 


Feet 20 10 BI 20 ' 


moments are desired, are first marked off on a slip of paper to the same scale as the diagram. 
Suppose 1-2-3-4..., Fig. 132, represent a portion of a load line, and ACs D, FE, B be the 
panel points of a truss, marked off on a separate slip of paper. Let it be required to find the 

position of loads for a maximum moment at D. 


1 


helettre a t l 
The average load on the left, = Ap’ Must equa 


: G 
the average load on the bridge, = AB’ Try 
wheel 4 at D by placing D under this wheel. The 


ordinate FB = G, and is the slope of the line 


AF. The ordinate /D or KD=G,, and a 
is equal to the slope of AJ or AK. The slope of 
AF is seen to be greater than that of AX and less 
than that of A/; therefore this position gives a 
maximum moment at J. Hence, in general, for 
a maximum moment, if the line whose slope is 
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equal to 2 cuts the load or step which is above the point, the position is one giving a maxi- 


mum. This line is conveniently indicated by means of a thread. If there are no loads off the 
bridge to the left, the line A/ starts from the zero line at the end of the bridge at A; but if 
there are loads to the left, it starts in the load line vertically over the end of the bridge. 
The right end is the point in the load line vertically over the right end of the bridge. In the 
above case, if AF should pass above A/, the loads must be moved to the left; and if it should 
pass below AK, then the loads must be moved to the right. 

The moment itself is easily found on the moment diagram by reading off the ordinate at 


aie : AD 
B between the moment lines o-o and 7, multiplying this by ape and subtracting the 


moment of the loads to the left about D, which is given by the ordinate at D between 0-0 and 
4. The moment at D is also equal to the ordinate from the closing line to the equilibrium 
polygon formed by the segments of the moment lines. The extremities of this closing line 
lie in verticals through the ends of the bridge. 

In finding the greatest possible moment in a girder, the centre of gravity of any number 
of loads is readily found by producing the two segments of the equilibrium polygon including 
these loads, to their intersection. 

100. Application of the Diagram, Fig. 131,to Finding Maximum Shears.—Ist. Shear 
an Beams or Girders.—\t has been shown in Art. 93 and illustrated in Art. 97 that wheel 1 


/} 


will cause a maximum shear at all points to the right of the point where eS Fe and that 
7 
1 


wheel 2 will cause a maximum shear to the left of the point where jm a where G’ and G” 
are the total loads on the girder with wheels 1 and 2, respectively, at the point; 6 = distance 
between wheels 1 and 2; P, = weight of wheel 1; and 7= length of girder. (Stringers less 
than about 18 ft. long are an exception, they having a maximum end shear with wheel 5 at 
the end.) 


Let At-2... 8, Fig. 133, be a load line. Draw the line AZ, having a slope of a Lay 


off the length of the girder AZ on the line 0-0, and at B draw the vertical BT. This vertical 
ordinate is that load which, divided by 4 = = , and 


therefore is the load G’ or G’ above mentioned. In 
order that this may be the total load on the girder, wheel 
5 must be at the right end. Laying off the girder then 
from £’ to the left, the portion B’C’ to the right of wheel 
2 is the portion of the girder in which the maximum 
shear is given by wheel 1, and the portion of the girder to 
the left of C’” has its maximum shears for wheel 2. 
Between C’ and C” both positions should be tested, 
The line AT is permanently drawn on the diagram ; no 
other lines need be drawn. 

2d. Shear in a Truss.—The criterion for maximum shear may be stated thus: the total 
load on the truss divided by its length must equal the load in the panel divided by the pane! 
length. Any wheel Pat the panel point to the right will thus give a maximum shear so long 
as > lies between cE and as where G = total load and G, = load in the panel other 
than P. 

IbGEse. 


. 15, Fig. 134, be any load line. Mark off on a strip of paper the panel points 
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of the truss and place it in the position AB, with the first panel point C under wheel 1. Other 
panel points are D, Z,and / Call 
miemloads 2 ,, 7 ,,°2., etc, Draw 
iemines AT) AT, AT,, etc., 
having ordinates at C equal to P, 
P.+-P,, P,+P,-+ P,, etc. These 
lines will then. have the slopes of 
Peer Pr PP a 
a” ee ad 
respectively. 

Wheel 1 at the right-hand 
panel point of any panel will give a 
Ger 
DS 
This limiting value of G is the 
ordinate B7, at the right end of 
Pievertisss -Llence /, gives a maxi- 
mum until P, comes on, that is, for 


GEG., 


maximum shear so long as 


: : Fic. 134. 
the distance B’C at the right end 
5 G P (Pee PP. 
of the truss. Wheel 2 gives a maximum for values of so) between 7 ana aut or for values 


of G between B7, and B7,. That is, wheel 2 gives a maximum shear in the panel to the left 
of each joint crossed by it in moving the loads from the position with wheel 5 at 2 to the 
position with wheel 10 at 5. The strip of paper should be placed with the point & first at B’ 
and then at 4”, the point below wheel 2 being marked in each position. The space between 
these marks is the space in which the shear is dominated by P,. It is seen to overlap the 
space B’C, dominated by wheel 1, by the distance between wheels, as shown in Art. 96. The 
ordinate from B to A7, being greater than G when P, is at C, the last panel point, we may 
say that P, dominates the shear in the truss from a position with wheel 10 at B, to the left 
end. We thus have, very briefly, the position for maximum shear in all the panels. None of 
the lines need be actually drawn. 

The shears themselves are readily found from the moment lines. The left reaction is 
equal to the ordinate to the equilibrium polygon at the right abutment, divided by the length 
of the truss. The panel load to be subtracted is equal to the similar ordinate at the right end 
of the panel, divided by a panel length.* These ordinates are measured from the line 0-0 if 
there are no wheels to the left of the left abutment or the left panel point. If there are, then 


the ordinates are measured from the moment line corresponding to the wheel nearest the 
bridge or panel on the left. 

EXAMPLE I. Find the maximum stresses in all the 
members of the truss of Art. 96. 

EXAMPLE 2. Find the maximum moments and shears 
at points Io ft. apart in a plate girder too ft. long. 


101. Computation of Panel Concentrations. 
—It is frequently required to compute all the 


Ss ee m1 " "+t panel loads in a truss for some single position of 
im, 2 ; 9 

Peo a Pa Ps Pa Poi Pu Putt the loading; as, for example, with wheel 3 at the 

Mo Mi My Mz Ma Mn-1Mi Mn-+t : 


first panel point from the left end. A convenient 
formula is readily derived as follows: 

Pelee pict, 1. , F,..,.,.¢tc., be the panel concentrations; J7,, M7,,...M,, 
M,,., , etc., the summation of the moments of the loads to the left of each panel point about 


* The student must remember that in truss analysis, for both shears and moments, the wheel loads must first be 
concentrated at the joints before they can come upon the truss, and when the method of sections is employed join 
loads only are to be considered, The external reactions, however, can be computed from the actual positions of the loads. 


FIG. 135. 
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that point ; 4, the distance from panel point 2 to any other panel point; and da, the panel 
length. Suppose P, is required. By equating the moments of the loads about ” with 
the moments of the panel reactions we have 
SP PhS My ee 
Similarly with centre at z + 1, 
2, b+ a@),= 3 Pods 'PPd, =e, Sh cx a he la (0) 
and with centre at x — I, 
2, (Pb — 2), = ff “Po ds" SF, =e (c) 
Substituting from (a) and (c) in (0) we readily get 
Mn 1 — 2M + Mn (8) 
a 


The values of the J7’s can be taken from the diagram, or may be computed with the aid of 
the moment table, Fig. 129. For an example of the application of eq. (8), see Art. 107. 


P= 


TRUSSES WITH INCLINED WEB MEMBERS AND INCLINED CHORDS. 


102. Maximum Moment at Joints in the Unloaded Chord.—Let AB, Fig. 136, be 
any truss with horizontal or inclined chords, and C any joint of the unloaded chord, not verti- 


Fic. 136. 


cally over a joint of the loaded chord. Let 6=the horizontal distance from C to the next 
loaded chord joint towards A, and a =the horizontal distance from C to A. The other 
notation is the same as that previously used. The effect upon the moment at C due to a load 
unity moving from B to & and from D to 4 is the same as for the moment at a point Cina 
beam; hence the influence line for that portion is B’G and FA’, portions of the influence line 
(¢— aja 

io 
panel points. The influence line for this portion will then be the straight line GF. 

To derive the criterion for maximum moment at C, let G,, G,, and G, represent the 
portions of the load that lie in the segments 4D, DE, and EB, respectively. Let the loads 
advance a small distance 6% to the left. The increase in moment at C will be 


AHB’, where C’H = Between & and D the load is carried by the stringer to these 


OM = G,6x tan a, — G,dx tan a, — G,ox tan a,. 
For a maximum, 
OM 


3, —0= G, tan a, — G, tan a, — G, tan a,. 
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Now we have 


Also 
GE’ =[/—(a—6+d)|tana, and FD’ =(a— 6)tana,. 


Substituting these values of GZ’ and #D” in the expression for tan a, we have 


tania. — Uae: we 
Sa Day 
Eq. (@) then becomes 
a bl — ad l—a 
G7 — G, Za — G,7- =0. 
IfG=G6,+6G,+G,, we have, after reduction, 
b 
G me G7 ae G, 
Z a = O, = = e ° e ° ° e ® ® ® * (4) 
or 
b 
G = Ga aie G, 
d A (9) 


For a maximum the left-hand member of eq. (6) must become zero by passing from 
positive to negative. This can occur only when some wheel passes & or J, as then only can 


b 
Gy ia G, 


5 be increased. Equation (9) is the criterion required. 


| 
Ja. ase if \ ef—a ho i \ yA \ \ 
Nis 


Fig. 137 shows a load line and the outline of a truss AB. Try wheel 4 at D fora maximum 
moment at C. The slope of the line A’7 is equal to the left-hand member of eq. (9). G, 
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varies between the values GM and Gl’, or CK and CK’, according as wheel 4 is considered 
in or out of the panel DE. The value of G, varies correspondingly between the sum of the 


b 
loads 6, 5, and 4, and the sum of 6 and 5 only. The corresponding values of Gy are found 


by drawing MO and M’O. They are KM and K’N’. Theslopes of the lines A’V and A’NV’, if 
drawn, would therefore be the two values of the second member of eq. (9). Hence when 
A'T cuts NN’, then this position of the loads gives a maximum moment at C. None of the 
lines need be drawn, the points V and WV’ being lightly marked and a thread, A’T, stretched 
from A’ to the intersection of the vertical at B with the load line. With a load at £, two 
points similar to V and NV’ are obtained by lines drawn from the intersection of the vertical 
through D with the load line, to the upper and lower limits of the load at Z. 

The position of the loads having been found, the bending moment at C is most readily 
found by proportion from the moments at D and &. Thus if MW, and M; are the bending 
moments at D and &, respectively, found in the usual way, then the moment Me, at C, 


b 
= My + (Me — Mp5. 


103. Maximum Web Stresses.—Let ED, Fig. 138, be any web number of a truss with 
inclined chords. If / is the intersection of the chord members #F and CJ, then the stress 


Fic..138 


in ED is equal to the sum of the moments about J of all the external forces acting upon 
the portion to the left of pg, divided by the lever-arm ¢. The stress in ED is then a maxi- 
mum when this moment is a maximum. 

The influence line for moment at / is readily drawn, after first finding the values of this 


l—a—d 


moment for a load unity at D and at C. With load unity at D, the moment at / = —s 
Z ? 
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Piss 
and with the load at C the moment = —s —(a@-+s), a negative quantity. Laying off D’/G 


and C’H equal respectively to these moments, and joining A’H, HG, and GB’, we have the 
required influence line for moment at J. 

The maximum stress in ED occurs when some of the wheels at the head of the train are 
in the panel CD, and in exceptional cases only, when some of the loads are to the left of C. 
In the cases treated we will assume that there are no loads on the portion AC. 

Let G, represent the total load in the panel CD; G,, the load in D&; and G, the total 
load on the bridge. Let the loads advance from any given position, a distance 6% towards 
the left. The moment at / will be increased by an amount 


6M = G,ox tan a, — G,0x tan a,; 
and for a maximum, 


OM is = 
Ox == (0) = G, tan a, aa Gig tan Qa, . ° ° ° e e e ° e e (2) 
Now tan ao— ee Sek b 
8 p= pi Gh ip? e e e e e e ° ° ( ) 
and 
das 
Die mei cary ai eats 
tan a= 7 = — Ri S==15 6 ote ot em er 6.4 ener (c) 
Substituting from (0) and (c) in (2), we have, by putting G for G,+ G,, 
a 
Gra tals 
a7 — eae a — O, ° ° ° ° e ° . e ¢) 0 @. <@ ° (Z) 
or 
a 
pues 
ay) = es ae ° ° e ° . ° ° e ° e e e e e (10) 


as the criterion for maximum moment at / or maximum stress in AD, 
This criterion is nearly the same as that for maximum shear in Art. 94; differing only in 


that here the load in the panel is to be increased by the “th part of itself before dividing by 


the panel length. This correction should be added to the ordinate for G, when using the 
diagram, before the thread is stretched. 

For the member EC the same panel CD is partially loaded and s is replaced by s’, while 
the other quantities remain the same as for ED. 

The actual stress in ED is most readily obtained by first determining the horizontal 
components in EF and CD, as was done in Chap. IV, Art. 80. 

For EC, or for any web member where verticals are not used, it is easier to get the 
moments, about /, of the abutment reaction at 4 and the panel load at C, and then divide by 
the lever-arm of the member. This reaction and panel load are obtained from the summa- 
tion of moments, or from the diagram, as before. 

104. Application of the Foregoing Principles.—The truss of Fig. 109, p. 68, having 
both inclined web members and inclined chords, will serve to illustrate the principles of the 
two preceding articles. The stresses in all the members will be found, using the loads of the 
diagram Fig. 131. 

ist. Upper Chords.—The truss should first be drawn to a large scale, so that any required 
lever-arm can be scaled off with sufficient accuracy. 
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The centres of moments for the upper-chord members are at the lower chord joints. 
These moments are found as in a beam or a Pratt truss, Art. 96, and hence the computations 
will not be given here in detail. The table of chord stresses below gives the positions of 
loads for the greatest maximum moments, the corresponding moments, the lever-arms of the 
various chord members, and the resulting stresses. 

When the piece WN is reached, the centre of moments is at & or # according as EW or 


C—192,0 ~D—218,0 E 


MF is inaction. Trying the point £, we have as our maximum moment 8950. The cor- 
responding shear in the panel AF is found by subtracting from the reaction at A the loads 
between A and £ and the portion of the loads in EF going to Z. It is found to be — 12.3; 
hence EV must be in action and the proper centre of moments for this position of the loads 
is as we have assumed. The maximum moment at F is 8760, which, being less than 8950, is 
not considered. Hence the maximum stress in J7V is due to a moment at Z of 8950. 

2d. Lower Chords.—The centres of moments for the lower chord members are at the 
upper chord joints. The positions of the loads giving maximum moments at these joints are 
found by means of the diagram Fig. 131, as explained in Art. 102. 

Moment at I.—This is a maximum for wheel 4 at C.. The moment is found by propor- 
tion, from the moments at d and C (M@,and M@,). M,=0. Meis readily found from the 
diagram Fig. 131, by reading off the ordinate to the curved moment line at the right end of 
the truss, dividing by 200, multiplying by 28.57, and subtracting the ordinate to the moment 
curve at C. Thus; 


000 
Me a - X 28.57 — 360 


__ 35000 
1 = 360-== 4610, 


Then M, = M,1+(M.—M. yee = 3250 as given in the table. The lever-arm of AC = 24 ft. 


28. % 
Moment at K.—Wheel 9 at D and wheel 4 at C are the two positions giving maximum 
moments. 
With wheel 9 at D 


My = 34500 X # — 2400 = 7460, 

M- = 34500 X 4 

and 
apne 13.8 
x = 4030 + (7460 — 4630)-, = = 6000. 

With wheel 4 at C 

My = 35000 X 2 — 2600 = 7400 

M¢ = 35000 X 4 
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and 


13.8 
Mx = 4640 + (7400 — 4640) 32 = 5970. 


The maximum moment is therefore 6000, and this divided by the lever-arm 31.35, gives the 
stress in CD, which equals 192 thousand lbs. 

Moment at L—Wheel 8 at D and wheel 13 at E are the two positions giving maxima. 
The greatest of the two moments is when wheel 8 is at D and is equal to 7900. 

Moment at M or N for Stress in EF —When, for any position of the loads, the moment 
at £ is greater than the moment at F, the shear in panel EF is negative, and hence ZW is 
in action; and when the moment at Fis greater than the moment at Z, then I/F is in action. 
This follows readily from shear = differential of the moment, or from the segment under EF 
of the equilibrium polygon. 

Wheels 12 and 13 at & are found to give maximum moments at J, but in each case the 
moment at & is greater than the moment at F, and therefore the centre of moments for AF 
is not at JZ. 

Wheels 14, 15, and 16 at / are found to give maximum moments at J’, and moreover 
with 15 at / the moments at & and Fach equal 8760. This is evidently the greatest 
possible moment at / that is not greater than the corresponding moment at £, and hence 
the maximum moment at JV is also 8760. 

The following table gives the chord stresses in thousands of pounds. 


LIVE LOAD CHORD STRESSES. 


Member. ee oe Hosting cf Maxiaue Lever-arm, Stress, 
IK (& gatCc 4640 25).5 -++ 182 
TG D 8 at D 7470 33-7 + 221 
LM E 13 at £ 8950 38.1 + 235 
MN sé, 13 at EZ 8950 38.7 + 231 
AC Vf gatC 3250 24.0 — 135.5 
CD TS gat D 6000 31.3 — 192 
DE L 8 at D 7900 36.3 — 218 
EF NV I5at fr 8760 38.7 — 226 


3d. Web Stresses.—We first produce the upper chord members to their intersection with 
the lower chord, and scale off the distances of these intersections from the point A. These 


a ' : 3 
are the quantities “s” of Art. 80. The ratios = ate given in the third column of the 


following table of web stresses. They need be computed only to the nearest tenth. 
The horizontal component of the maximum stress in A/ is equal to the maximum stress 


imeAG = 135.5. For fC, the ratio = 0; and the same position of loads gives a maximum 


stress in this member as in AC; that is, wheel 4 is at C. The horizontal component of stress 
in JC = hor. comp. /K — hor. comp. AC. To find these horizontal components we need the 
moments at A,/,and C. The moments at A and C are given in the fifth and sixth columns of 
the table below. The moment at /, found by proportion from these two moments, is given 
in the next column. The hoi. comp. in /K, found by dividing the moment at C by the 
vertical distance from C to /K, s given in column 8. The stress in AC is given in the next 
column, and the difference between columns 9 and 8 is the hor. comp. in /C. The actual 
stress is given in the last column. 


For the member CK, S16. 10 testing for the position of the loads we then multiply 
Ss 


* 


94 MODERN FRAMED STRUCTURES. 


the loads in the panel CD by 1.6, and use this product in the place of the loads themselves. 
(See Art. 80.) Wheels 2 and 3 at D are two positions giving maxima. Only the greater one 
is given in the table. The stress in CK is found in the same way as was that in /C, that is, by 
finding the horizontal components of the stresses in /K and CD; The stresses in ADE, 
MF, and NG are found in like manner. . 

The members LD and WE being so nearly vertical, it will be more accurate to find the 
stresses in these pieces by finding their vertccal components. 

The vertical component in LD = shear in DE — vert. comp. KL, = left reaction — load 
at D — vert. comp. KZ. The vertical component in KZ is readily found from its horizontal 
component, and the other quantities are easily computed. Likewise the vert. comp. 
Mr = shear in EF — vert. comp. LM. 

The horizontal components of the stresses in KZ and LJ are given in column 8 of the 
table. 

The stresses are given also along the members in Fig. 139. 
LIVE LOAD WEB STRESSES. 


ements Bt Lower 

a cits ord. : : 5 J. ress i 

ee ee Bromens at | Bor Somp | or come [Howycom| Seg 

Left. Right. | 
z 2 3 4 5 6 7 \ 8 9 to II 
Al 31.2 4 | 135.5 135.5 + 212. 
IC 25.5 fe) 4at C ry 4640 3250 173.1 135.5 yikes | == Tae S 
CK 34-3 6 3 at D 3520 6840 | 5122 131.3 163.1 31.8 i eono 
KD 34.8 % 5) YALE 3520 6840 5122 197.7 163.1 34.0 — 81.4 
hse 41.6 2 3 at | 4846 7069 5487 184.1 151.2 32.9 =) i674 
MPF 46.3 fo) 3 at & 4527 5836 4669 150.8 120.7 30.1 — 54.7 
NG 50.0 —.2 2atG 2662 3268 2598 g2.1 67.1 25.0 =) 30.5) 
Vt. Comp. 

LD 37.2 .6 2até 4460 128.9 48.4 | + 49.6 
ME 38.8 3 2at £ | 4050 105.4 34.3 + 34.5 


HG and HC are due to the maximum joint load. The piece HD when stressed is the only 
web member in action in the panel GD, and hence its maximum stress is determined accord- 
ing to Art. 103. The same applies to the counter, HF. There remain then to be treated 
only the pieces CD, EC, EH, and CH when acting with the counter HF. 
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Ist. The piece CD.—The centre of moments for CD is at £, but the joint G is on the 
left of the section. The influence line for the portions AC and DB will be A’K and MB’, 


2 roa oy 
WwneTe dC! == ey a which is the same as the ordinary influence line for moment in a beam; 


but as the unit load moves from C to G, the moment about & of the forces on the left of the 
section is uniformly increased at the same rate as from A to C. Hence KZ will be a prolon- 
gation of A’K. .From G to D the influence line is the straight line LW, 
To determine the position for a maximum moment at EZ: Let Gi. GaG, 5 and:Gebe 
respectively the load on AG, GD, DB, and the entire bridge. 
A small movement of the loads to the left will increase the moment by an amount 
equal to 
0M = G,ox tan a, + G,ox tan a, — G,ox tan a,. 
For a maximum, 
OM 
op =O =G, tan Oe tama Gy tan aye 6) vs, <3 en oe ee) 
Now we have 
l—a 


7 ; 


a 
tan a, = 7) (eel) C4 == 


and 
MN dtana,-+ 2d tan a t—a 24 l-+a 


he a Peeks 4 Le a 


Cane — 


Substituting these values in (a) and reducing, we have as the condition for a maximum, 


G G, ats G, 
7; = eons . . ° . ° ° ° ° ° ° ° C) (I 1) 


To satisfy this criterion a load must be at G. 

Eq. (11) is easy of application by means of either the table or diagram. 

The moment at £& is equal to the reaction at A multiplied by AC, minus the moment 
of the wheel-loads to the left of C about C, plus the moment of the joint load at G about C. 
This joint load is, by Art. 91, equal to the bending moment in the centre of a beam of length 


2d, multiplied by 5. Hence the moment of the joint load G about C is equal to twice the 


bending moment at G if CD were a stringer. In other words, the total moment at £ is equal 
to the bending moment at C in a beam AB, plus twice the bending moment at G in the 
beam CD. 

2d. The piece EH.—When the stress in this piece is a maximum, /F is not in action. 
Now for any position of the loads, the stress in FH would not be altered if HD and ED were 
to be made separate parallel pieces, as the portion C/7D would then form a separate small 
truss. But this small truss serves merely the office of a floor-stringer in carrying loads to the 
joints Cand D. Hence the stress in EH is the same, and the position of loads for a maxi- 
mum stress is the same, as for £D were the pieces CH and HG removed. This case reduces 
then to the case of Art. 103, in which the panel length is CD. 

3d. The piece EC—For this piece, as for EH, we may consider CH and HG removed 
and proceed as in Art. 103. 

4th. The piece CH when acting as a tie.—Here the member HD is not in action. The 
same process applies to CH as applied to EZ. That is, consider EH and HG removed, and 
find the maximum stress in CF. This will be the maximum in CZ, but for the maximum in 


HF the panel to be considered is GD. 


96 MODERN FRAMED STRUCTURES. 


DOUBLE SYSTEMS. 


106. The influence line for either chord or web stress in a truss with a double system of 
bracing is made up of straight lines of many different inclinations. Since the criteria for 
maximum values contain as many terms as there are different inclinations in the influence 
lines, in this case they are very difficult of application. 

For example, take the Whipple truss of Fig. 141. The centre of moments for the chord 
member /H for loads on the full system is at C. For loads at the joints of this system the 
ordinates for moment at C are ordinates to the influence line A’/B’.. While for loads on the 
dotted system, the centre of moments for /H is at D, and the ordinates for moment 
at D are ordinates to 4'KB’. Hence the influence line for stress in #H is the broken line 
A'abclKade.... B’. The points a and z are taken half-way between A’KB’ and A’/B’, assuming 
the loads at 47 and WV to be equally divided between the two systems. 

The influence line for shear in panel CZ of the full system is the full broken line of the 
lower figure, the ordinates to this line being zero for the loads at joints of the dotted system. 
Loads at M and JW are equally divided. 

The influence line for shear exhibits in a striking manner the effect of concentrated loads 
upon the web members when the distance between the loads is an even number of panel 
lengths. As, for example, two engine concentrations when the panel lengths are twenty-five 
feet, the length of a locomotive being about fifty feet. Panels of such length are therefore, 


PIG. 14r. 
by all means, to be avoided in a double system, and a length chosen which will bring the con- 
centrations upon different systems. 

The cumulative effect upon chord members is seen to be very small. 

{n computing stresses in a double-intersection truss, either an equivalent uniform load 
should be taken, according to the method of Chapter VI, or, as is often done, such a position 
of the loads should be selected as will give the maximum joint load at the end panel, and this 
same position retained for all the chord stresses. For web stresses the load should be moved 
one panel to the right each time, and the portion of the load going to the joint in front 
neglected. The stresses are then obtained by computing the panel concentrations for these 
positions by Art. 101 and treating each system separately. 
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By placing the loads as above indicated only one set of concentrations is required. 
This method is applicable to either parallel or inclined chords. In the latter the chords are 
to be considered as straight between successive joints of the system under consideration. 

A more accurate method for chord stresses would be to find the pos7tzon of the loading as 
for moment in a single-intersection truss, then compute the corresponding panel concentra- 
tions and find the stress in the member in question, as above explained. This would involve 
the computation of panel concentrations for each different position, but would probably give 
stresses very near the exact maximum. 

107. Stresses in a Whipple Truss.—Let us take, for example, the truss of Fig. 142. 
Span = 272 ft.; panel length = d = D7-it.; height = == 38 ft.- Loading to. be: asseived 
in the diagram and table. The method of panel concentrations will be used, one position of 
the loads being taken for all chord stresses. 


OE ECR tae eae ef Fel Glee WR taf PL an a 
Fic. 142. 


ist. Panel Concentrations.—Wheel 4 at 0 is found by trial to give the maximum load at 0. 


. M,, ,- 2M@,+ M, -, 
By eq. (8), p. 88, any panel concentration, P,, = —* = , where 17-7 


and M,_, are the summations of moments at the joint in question and the ones to the right 
and left respectively, and @ is the panel length. 
With wheel 4 at 4 we have the following positions: 


Distance of ; Distance of 
Wheel Joint. Wheel to the Wheel. Joint. Wheel to the 
‘ left. left. 
Th Os EEO b 0.0 aoa ne e 1.9 
Toe deolie esis ate C 0.6 U5 So cees ec Ry fi 2.8 
niform 
Gane eae a 7.0 end of unif an 
load 


Calling joint a zero, we have the following values of with wheel 4 at 6: 


208 
M, = 360.2 — 8 X 18.4 = 222.0; 

M, = 1460.1 + 86 X 0.6 — 8 X 35.4 = 1228.5; 
M, = 2414.9 + 104 X 7.0— 8 X 52.4 = 2723.7; 
M, = 4911.5 + 142 X 1.9 — 8 X 69.4 = 4626.1; 
M, = 7478.2 +- 181 X 2.8 — 8 X 86.4 = 7293.83 


0.4)" 
i112 30,2200. X% jpegs XLS al O3.4.—— 10402,3 


2 
(17) 
M, = 10492.3 + (200 + 0.4 X 1.5) X 17 + — > X 15 = 1419.3. 
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The values of P, beginning at P,, are: 


222.0 
ge os 17 = 13.00; 
ae 1223.5:— 2 >< 1222.0 = 46.15; 
17 
p= 2723.7 — 2 X 1228.5 + 222.0 — 28.75; 
17 
O20 M2) 2723) 1228. 
P= a 23.05% 
7 ’ 
cue 626. 
= alle 
ps 10492.3 — 2 X 7293.8 + 4626.1 = 30225 
17 
Pee ae Sie ae ae Baal 25.24: 


Beyond P, the concentrations are each equal to a panel length of uniform load = 
1G) Se tenner : ; 

2d. Web Stresses——The secant of the angle which the members aB and Bc make with the 
vertical = 717" + 38° + 38 = 1.096; and that of the angle which the remaining diagonals 
make with the vertical = 734° + 38? + 38 = 1.342. The loads at 6 and p will be assumed to 
be equally divided between the two systems. 

The stress in @B is found from the shear in ad, with P, at 6. We have then 


stress in aB = 1.096 X 7e[15 X 46.15 + 14 X 28.75 713 X 23.08 —- 12 sGasioz 
- IL X 31.22-+ 10 XK 25.21 -- (94 8+... 4 3) X 255 eee 


For Bc, P, is placed at c; whence 


1 


stress in Bc = 1.096 & +4[14 X 46.15 + 12 X 23.95 + 10 X 21.22 
+ (8 64 22rd) 255 ie 


For cC and Ce, P, is at e, and we have 


stress in cC = [12 X 46.15 + 10 X 23.95 + 8 X 31.22 -- (6-4 2d) x 2556 cee 
stress in Ce/—=" 1. 342) < O5)2-= 8 ins: 


For £d, P, is at d, and 


stress in Bd = 1.342 X Jg[13 X 46.15 + 11 X 23:05. 0 322 


TAT 5 eS eve 2 Se lla ome 
For dD and Df, P. is at f: ete. 


The maximum stress in Bb = P, = 46.15. 
3d. Chord Stresses.—For all chord stresses P is at 6. 


245.1 I 
#2 < af = 100.1. 


The stress in ac = hor. 2B Sa 
ee 1.090.788 
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The stress in any other chord member, as DZ, is found by obtaining separately the 
portion due to each system and then adding the two results. For the full system, the centre 
of moments is at e, and for the dotted system it is at f. 

Abutment reaction, full system 


= elt X 46.15 X 15 + 14 X 28.75 -- 12 X 45.02-+10 x 25.21 

a (9-6 4-2-4) 25.5 120.08 

whence, stress in DE due to loads on the full system 
= [129.0 X 68 — (4 X 46.15 X 51 + 28.75 X 34)] + 38 = 174.2. 
Abutment reaction, dotted system, 


= elt X 46.15 X 15 + 13 X 23.95 + 11 X 31.22+(94+7+5+3-+ 4) X 25.5] = 101.6, 
and hence the stress in DE due to loads on the dotted system 


= [101.6 X 85 — (4 X 46.15 X 68 + 23.95 X 34)] + 38 = 164.5. 

The total stress in DE or fg therefore = 174.2 + 164.5 = 338.7. 

The stresses in the other chord members are found in a similar manner, using the 
reactions above found. Near the centre of the truss it may be necessary, in selecting the 
centre of moments, to find the sign of the shear in one or both of the systems in order to 
know which diagonal is in action. This is easily done, as the abutment reaction and panel 
loads are already known. 


SKEW-BRIDGES. 


108. Fig. 143 illustrates a skew-bridge similar to that of Figs. 119-121, p.71. Asin Art. 86, 
the loads may be considered as applied. along the centre line XY. As an example, let us find 
the influence line for moment at / Loads from ¢ toz will evidently have the same effect 
upon the truss AZ as if the bridge were square and equal to AB in length. The influence 
line from c to z will then be the portion cf’, Fig. 144, of the influence line Af” B” for 
moment at fin a beam of length AB. Beyond c” and 2” the line is a straight line with zero 
ordinates at a’ and 0. ; 

From this influence line the criterion for maximum moment may be written out. It is 
seen, however, that the true influence line differs but slightly from A”/’’B”, and as regards 
the position of the loads, it may be assumed the same. Hence for a maximum moment at # 
the average unit load on length AF must be equal to that on length FB. 

For moment at the point / the influence line would be straight from z to ¢, and in that 
case it would be more exact to make the average load on the length AJ equal to that on 20. 

The influence line for moment at /, Fig. 143, for finding the stress in CD, is aC" D"2"'0’, 
Fig. 145; and is drawn by drawing the influence line A’7’B” for moment at Zin a beam of 
length AB, and then drawing the straight lines ZiCle Col) Bean te Ces 

For moment at / for stress in AC the influence line is a’2’’2’b’. In any case the influ- 
ence line may be drawn and the exact criterion worked out if desired; or an approximate one 
found by drawing such a line of the form Af" B"", Fig. 144, as will correspond most closely 
to the actual influence line. The criterion is then the ordinary one for moments, the segments 
or lengths to be used in getting average load being in any case the distances corresponding to 
Map and f/ Bb". 

The position of loads for maximum shear or web stress may be found in a manner 
similar to that explained above. The same criterion as for shear in a square truss may 
generally be employed, using the /7wss length for all panels except the end ones, while for 
these end panels use the truss length plus a’A”, Fig. 144. 
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It is to be noted that the above approximate methods deal only with the posztions of the 
loads and not with actual stresses. It is at most a question of which of two or three different 
loads shall be at the point, when any one of them would give very close results. In most 
cases the approximate methods give the correct wheel and hence correct results. 


A c D E' F! G H’ B 
‘ 
A 
x £ ee (ae 
i 
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Fic. 145. 


In getting stresses all loads between ¢ and z are to be treated in the same way as in a 
square truss. That is, one half acts between C and J of truss AB, and the other half between 
C’ and B’ of truss A’B’.. The loads from a to ¢ and from z to 6 are best treated by finding 
the floor-beam reactions at ¢ and 7 due to these loads, and then transferring one half of eaci 
floor-beam load to each truss. The trusses are then treated independently in the ordinary 
way. 
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CONVENTIONAL METHODS OF TREATING TRAIN-LOADS ON TRUSS-BRIDGES OVER 
100 FEET IN LENGTH. 


109. The Train-load now universally taken in the dimensioning of members in railway 
bridges in America consists of two of the heaviest engines in use on the line, coupled in a 
direct position at the head of the heaviest known train-load. The weights of the engines and 
tenders are assumed to be concentrated at the wheel-bearings, giving definite loads at these 
points, while the train-load is taken as uniformly distributed. Although engine and train 
loads have greatly increased in the past twenty years, it is highly probable that the loads now 
generally assumed will never be materially too small for the actual traffic, except in special 
cases. These assumed loads are now equivalent to about 4000 lbs. per foot under the engines 
and their tenders, or over a distance of some 103 feet, followed by a train-load of 3000 lbs. 
per foot. The only exact solution for the maximum stresses produced by such a load 
moving across the span has already been given in Chapter V. If each span had to be 
computed but once, there would be no valid objection to the use of this exact method, 
which has been almost exclusively employed in America since about the year 1880. It has 
come to be a common practice, however, to call for bids (either by the span or by the pound) 
under general specifications, requiring accurate “stress sheets,’ showing maximum loads and 
sizes of members, to be submitted with each bid. If on the average there are eight bidders, 
then the computations have been made independently eight times, and on the average each 
bidder computes eight spans for each one he succeeds in building. When the laborious 
method of wheel concentrations is employed the cost of this high-priced labor becomes a 
considerable portion of the price named for building the bridge. In the end the purchaser 
pays for the computations eight times over. At present (1892) there is a general desire on 
the part of the bridge companies to agree upon some conventional method of treating the 
train-ioad which will lead to easy and short computations without introducing material errors 
in the results. The consulting engineers who act for the railway companies are generally 
inclined to adhere to the more exact methods. From a set of observations taken on bridge 
members under rapidly moving train loads, given in Angeneering News, May 9, 1895, it 
appears that the actual stresses, even on the hip-verticals, are not appreciably greater than 
those computed from the same loads treated statically, and hence a much greater weight 
may be given to the computed stresses than has heretofore been done, and there is therefore 
the greater reason to adhere to the more rigid methods of analysis. It would probably be ad- 
mitted by all parties that results differing by not more than two or three per cent are practi- 
cally identical in bridge computations, especially if those differences are both plus and minus 
and do not appreciably change the total weight. It remains to show that convenient methods 
of solution can be found which satisfy this requirement for truss-bridges longer than 100 feet. 

Five conventional methods of treating the train-load have been employed. 

First. The use of two concentrated excess loads, placed fifty feet apart, which may 
occupy any position in the uniform. train load, and which may be conceived as rolling across 
the span on top of the train load. They would be near the head of the train for shears and 


one of them at the joint in question for moments.* 


* These excess loads to be placed so as to give maximum moments at the several joints, the same as described 


below for one concentrated load. 
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Second. The use of one such concentrated excess load in place of two, it always being at 
the joint in question, while the train load covers the whole span for maximum moments, and 
reaches to a particular point in the panel in question for maximum shears. 

Third. The use of a Uniformly Distributed Excess over about one hundred feet at the 
head of the train. 

fourth. The use ot what is called an Equivalent Uniform Load. 

fifth. The use of a given Uniform Load, all of which over a given space in the middle of 
the train is to be concentrated on two or four axles. 

The first of these methods is apparently a near approximation to the actual loads, and is 
used by Prof. DuBois in his #ramed Structures. It is a fair substitute for the wheel concen- 
trations on double-intersection trusses, but has never come into general use, the objection 
being either that it did not sufficiently shorten the work to warrant its use in place of the 
more exact method, or that no rational method has been proposed for finding the proper 
values of the excess loads to use. 

The second method was devised by Mr. Geo. H. Pegram, M. Am. Soc. C. E., and 
published by him in 1886.* It has been introduced into some standard specifications because 
of its great simplicity and close agreement with the method by wheel loads. A modification 
of it is given below in detail. 

The third approximate method has been used by Mr. C. L. Strobel, M. Am. Soc. C.E., 
for spans exceeding two hundred feet,} but has been abandoned by him since train loads 
per foot have so nearly equalled the average load over the engine portion, 

The fourth method, of an equivalent uniform load, has been used more or less for many 
years and seems now likely to come into more general use and to be incorporated into some 
standard specifications. 

The fifth has been used on the Norfolk and Western Railroad since 1889, and is described 
in Trans. Am. Soc. Civ. Engrs., Vol. XXVI, Pp. 1409. 

Since the method of computing stresses from the actual wheel-concentrations will always 
be considered standard, any conventional method must use an “equivalent” load of some 
sort, and before it will be accepted by engineers it must be shown to give practically equal 
stresses for all main truss members for all lengths of span and panel. 


110. An Equivalent Load composed of a Uniform Train Load and one Moving 
Concentrated Load. 


PROBLEM.—Gzven any system of engine wheel loads followed by a uniform train load (or 
both preceded and followed by such load), to find what other system of uniform train and single 
moving excess loads will give practically equivalent stresses tn all members of trusses over 100 Jeet 
long. ; 

Take the moving concentrated load as approximately equal (in round numbers) to the 
total excess of the weight of the engines and tenders over that of the train for the same length 
of wheel base. Thus if 

£ = total weight of one engine and tender, 
6 = total length of one engine and tender, 
f' = loading per foot of actual train, 
Q = single moving concentrated load, 
/ = equivalent uniform train load per foot to accompany the assumed concentrated load Q, 


we have, for two engines coupled, OQ = 2b —2bp' = 2(E— bf) (1) 
Take for the actual Q the nearest even multiple of ten thousand pounds, so that Q would 


be, for Cooper’s Class Extra Heavy A, two engines, 100,000 lbs. A considerable variation 
can be made in the value of Q without materially affecting the results. 


* See Trans. Am. Soc. C. Be) Viol: XV, P. 474; also Vol. XXI, p. 575. telidweaViole xoxcde P- 594. 
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Having chosen a value for Q, compute a corresponding value for Z, the conventional train 
loading per foot to be used with Q, by finding from the actual system of wheel loads the 
moment at the quarter-point of the length of span to be computed (see Art. 96), or of a length 
of span nearly equal to the one in question. Let 7= length of such a span, and MM, = the 
maximum bending moment at a point just one fourth the length from the end, regardless 
of whether this falls at a joint or not. This moment is to be found from a diagram such as 
that given on p. 85, or in any other way, from the actual wheel loads. Then equate this 
moment with the moment at this point for the “f + Q” loading, and obtain 


My, — gpl’ + 3;Q/; . e ° e e ° e e e e ° (2) 
whence 


where / may be taken in round numbers approximately equal to the length of span in question, 
as the nearest multiple of ten feet. Then use this “f+ Q” loading as follows: 

for Maximum Moments the p loading must extend over the entire span, and the Q load 
must be at the centre of moments for the member in question, that is, it must be at some 
particular joint. If Q is placed at the mth joint from the left, counting the end support zero, 
we would then have for the moment at this joint from live load, for a truss of equal panels, 
each d feet in length, 
_Mel+20)_ 

2n 


The fractional part of this expression is a constant for any given truss, and hence these 
moments can all be taken out and divided by the height of the truss, thus gzving all chord 
stresses tn a Pratt truss with one setting of the slide-rule. 

For Maximum Shears place Q at the joint on the side of the panel in question from which 
the load is approaching, and let the uniform load extend into this panel until the maximum 
shear is produced. This point is such that a load placed at this point gives equal reactions at 
the next forward joint and at the forward end support. The portion of this panel covered 
—m 
—I1 


pad (n— my’ (0 
n 


with the uniform load is then é Jay and the maximum shear in this panel is, from live load, 
Wt 


Oe 


a0 hen <onihe nen TeoeN eae een U5) 


This equation is also very rapidly evaluated by the slide-rule, each term requiring but one 
setting for the whole span. 


Floor System and Hip-vertical, 


To find the maximum moment and shear in stringers and floor-beams and the stress in 
the hip-vertical, which needs to be done but once for any given span, the actual wheel loads 
may be used, or Q may be taken the same as above, and another g found for a length of span 
about equal to the panel length. In this case will be found to be negative, since the load Q 
is alone more than the maximum load on the stringer in the case of the wheel loads. It 
would probably be preferable to use the engine diagram for these members. 

Nore.—The authors have tried various expedients for obtaining @ szngle set of values of p and Q to be 
used for all lengths of span for any given set of wheel and train loads, and have made as many as fifty com- 


plete sets of computations of stresses in all the members of spans of various lengths and for different lengths 
of panel (which proves to be a very important consideration), comparing the results with those obtained from 


* See Art. 69, Chap. IV. 
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the wheel loads,—all for Cooper’s Class A loading. They do not find that this can be done with satisfactory 
results. To use the method with results agreeing closely with those from the wheel loading, it seems to be 
necessary to obtain the “f + Q” loading for a length of span approximately equal to that in hand. 
Mr. Pegram has advocated single values of and Q for any given set of wheel loads (see supra), and Mr. 
J. C. Bland, M. Am. Soc. C.E., has proposed the following to correspond with Cooper’s four standard 


loadings : * 


Gila (ening EAAKONS oS.cu Go scdocan bo 8000 doo doont p= 4000; QO= 40000. 
CH Xtra Class Ae cons uk iegnrerehs etaertennen eae 340 0G Cl 84000: 
ot GILCAY ae rinh Racoon n asoe Cotes to coo P= 28005 nO. 23000: 
bi Cl ASSp 1aMu srcvesckes stagnate: see Naeietonatete ere svete Stee oe: DPi= 2500; sO) —25000> 


He has made Q = Iof in every case, but when # and Q are found for a particular length of span, this 
condition, = ;Q, makes # too large for longer spans, so that the chord stresses become slightly too great. 


How Specified. 


It is important to make the specification under which bids are received for building a 
bridge perfectly clear and definite. The engineer who draws these specifications, therefore, 
should decide on a set of values of g and @ to be used for the particular length of span and 
for the loading assumed, and state that such and such lengths of span shall be computed for 
such and such uniformly distributed and rolling concentrated loads, the web members *to be 
computed for the actual maximum shear on the panel by equation (5). 


Labular Form for Computations. 


In making the computations for this conventional loading the work may be conveniently 
arranged as follows: 
TOTAL CHORD STRESSES—ONE TRUSS. 


Member. | cANGZa nF alos +20] 


Stress. Remarks, 
| 4nh 


(% — m)m 


The quantity in the second column is a constant for all members in one span. The slide- 
rule is set once for this as a constant multiplier and all the stresses taken out. If the dead 
load is desired separately, the w is to be omitted from column 2 and given a column to itself, 


: : aa] 
this heading then being aa 


In computing the web stresses the live and dead load shears are computed separately, 
and then combined as in the following tabular form: 


WEB STRESSES—ONE TRUSS. 


Dead Load Shear. Live Load Shear. 


Member. wa (1 — m)2 pa n—m neva) Secant Stres: 
et ered ime er Aho (OS cia a 
D.L. Shear L. L. Shear, 
I 2 3 4 5 6 7 8 9 10 II 12 


The total shear in the mth panel, for the uniform load reaching into the panel to give 
maximum shear, and the concentrated load Q at the loaded panel joint, wlien zw = dead load 
per foot, is : 


pan — m)’ oe Se 
4(m — 1) 2 


* For the wheel diagrams for these loads see p. 79. 


Total shear on one truss = oa +1—2m)+ 
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These terms are worked out in the above tabular form. The results in columns 5 and 7 
are added to give the live load shear in column 8, and then these results are added alge- 
braically to those in column 3 to obtain the total shear as given in column g. These are at 
once the stresses in the verticals, and when multiplied by the secant of the angle the stresses 
in the diagonals are found. These forms are for the Pratt or Warren type. 


METHOD OF EQUIVALENT UNIFORM LOADS. 


111. Definition, Equations, and Argument.—An “ equivalent load” is one which would 
produce the same maximum stresses in all the members as are caused by the actual wheel- 
loads. Evidently no single equivalent wziform load can be found to do this. It remains to 
find a uniform load which will give the nearest approximation to this result. The moment 
diagram or equilibrium polygon for a uniform load on a jointed structure has its vertices lying 
in a parabola (Art. 50), while for a plate girder it is a parabola. For excessive wheel concen- 
trations near the head of the load, the polygon joining maximum moment ordinates would be 
below the parabola at points on the two sides of the centre of the span, somewhat as shown 
in Fig. 146,* the full line being the moment curve for the 
equivalent uniform load, and the dotted line being that 
joining maximum moment ordinates. These curves will 
cross each other at about the quarter point. We might 
therefore find the equivalent uniform load, so far as the 
chord stresses are concerned, by finding what uniform 
load will give the same moment at the quarter point 
which is produced there, for that length of span, by the 
actual wheel loads. To do this we must first find what 
the maximum moment at this quarter point is for any 
given length of span, for the actual wheel loads assumed, as described in Chap. V. (It is not 
necessary, for this purpose, that this point should fall at a joint.) Call this moment JZ. It 
now remains to find the uniform load p per foot which will give this same moment at this point. 

For a uniform load / over the entire span of 2 equal panels, each of length d, the moment 
at the quarter point is 


LS BUYE Tc 
EEA e « ° es e e e e ° e C O (7) 


whence 
_ 32M, 
P == 3 QP? . ° ° e e ° . ° e ° ° ~ = Gy (8) 


Having found %/,, the moment at the quarter point for the actual wheel loads, eq. (8) gives 
us at once the equivalent uniform load which wil’ produce the same moment at this point. 
Having found Z, we may write for the 


2 


a 
5% mm tah RIOR Kore tera CO) 


Moment at the mth joint = 


where the end joint is called zero. 

The proportional moment error in this case will be very smali. In computing the shear 
with equivalent uniform live loads, it is customary to treat the load conventionally, assuming 
that all the joints on one side of a given panel are fully loaded and all the joints on the other side 
wholly unloaded. With this assumption, which cannot possibly be realized, very close agree- 
ments can be obtained with the rigid method from actual wheel loads, when the panel length 
is not less than one eighth of the span; when uniform loads are assumed the shears should be 
always taken out in this way. When there are more than eight panels, and when the engine 
loading is very much greater than the train loading, the shears are always too small. 


* This figure represents the moment diagram, in dotted lines, for two concentrated loads, moving across the span 


a fixed distance apart. 
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The equation for maximum shear, due to both dead and live load, for the equivalent 
uniform load w’, found for moments as above, is 


a ad 
Maximum shear in the mth panel = S,, = (x —2m+1)+ Pen—m) (z—m-+1), (10) 


where zw = dead load per foot, 
£ = uniform live load per foot, 
# = number of panels in span, 
m =- number of panels in question counting from unloaded end, 
@= panel length in feet. 
For live load shear only we have 
Se ee sisiss / ie -« heey beats men Da) 

These equations, (9), (10), and (11), are quickly evaluated by the aid of the slide-rule. 
For one truss take one half the values given by these equations. 

112. Application to Systems with Inclined Chords.—Four the Dead Load, whether this be 
supposed to be all concentrated on ¢he bottom chord or partly at the unloaded joints, find all 
the dead load stresses from a single Maxwell diagram as shown in Art. 46, and tabulate these 
stresses in all the members. 

For the Live Load Chord Stresses, cover the entire span with the equivalent uniform live 
load, and make another diagram for these stresses, and tabulate the stresses found in the 
chords. Or the better method would be to find these stresses from the dead-load stresses 
with one setting of the slide-rule. 

for the Live Load Web Stresses,* assume a left end reaction of 100,000 lbs., treat the span 
as a cantilever with the left end free and subjected to this upward reaction, and diagram the 
stresses in all the members for this one reaction only, and tabulate the stresses in the web 
members. Now compute the left end reactions for successive positions of the train load as it 
is backed off from the left towards the right, assuming that the joint at the head of the load 
may be fully loaded and the next one in advance entirely unloaded. These reactions are found 
from the formula 

pve) 


ae POs 9 a ties ele 


where V = number of joints loaded, 
“ = number of panels in the span, 
2 = equivalent uniform load, 
d= panel length. 

Having these reactions, and the live load web stresses for a reaction of 100,000 Ibs., the 
actual live load web stresses are found by multiplying those found for the 100,000 lb. reaction 
by the actual reaction, by means of the slide-rule. 

The tabulated form would be as follows: 


Chord Members. Web Members. 


Dead Load | Live Load Total Dead Load | St f z i 
Mem. Stress, Stress. Stress. Mem. Stress. |R eae WNT) ce 7 = % gene Shee 
I 2 3 | 4 5 6 i 8 9 10 Abts 


ps eel eee 
Columns 2, 3, 6, and 7 are obtained from the diagrams. Column 10 is found by multiply. 


ing together the corresponding results in columns 7 and 9, and dividing by 100,000 


* See also Art, 80, 
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Columns 9 and 10 are found by the slide-rule—the former from one setting, the latter by 
separate settings for each result. 

Nothing would be gained by obtaining the sum of the dead and live load stresses from 
one diagram drawn for the sum of the unit loads, since the dead load web stresses must be 
taken out separately. ; 

By this method all the maximum stresses in the main truss members of a large bridge 
can be found in-a few hours. The results by diagram should always be checked by computing 
one or two of the simpler cases. Then since the diagram checks itself it may be assumed 
that if ene part is right it is all right. 

1i2a. Accuracy of Results by the Conventional Methods.—The following table 
embodies the results of computations by the two conventional methods here proposed, as 
compared with the rigid results from the actual wheel loads, all for Cooper’s class “ Extra 
Heavy A” loading, as given on p. 79. For engines very much heavier than the train load no 
satisfactory convention has been found for plate girders, stringers, floor-beams, and hip- 
verticals. For these the actual wheel loads should be employed. 

A careful study of this table, which embodies the best results the authors could obtain for 
an engine load approximating 4000 lbs. per foot for 100 feet at the head of a train load of 3000 
Ibs. per foot, will show: 

1. That the “f+ Q” loading gives better resuits for the web system than the equivalent 
uniform load. The results on the chord members are identical,* since the “f+ Q” loading 
is equal to an equivalent uniform load of (p + =) per foot for moments. 

2. That the equivalent uniform load gives values very much too small for the web system 
when the number of panels is greater than eight. If this loading were treated rigidly for 
shear, the discrepancy would be much greater. This shows that if equivalent loads are used, 
a different equivalent must be used for shears from that which is used for moments. 

3. That the “f-+ Q” loading gives very nearly correct values for both chord and web 
members, except for the counters where the result is always large by from six per cent in the 
300-foot span to 43 per cent in the 150-foot span. If this method should be employed, then 
the same computed fibre stress per square inch could be allowed in the counters as in the 
mains. When these members are rigidly computed a liberal reduction in the working stress 
is made for “impact.” : 

4. That since the facilities and aids to wheel-load computation are now so simple and 
efficient, and since this is acknowledged to most nearly represent the actual conditions of 
service, such loads should continue to be used in the actual dimensioning of both truss and 
plate girder simple span bridges when they are prescribed in the specifications. ae: 

5. That for estimating cross-sections and weights of bridges for the purpose of bidding on 
work, the “p-+ Q” loading might well be employed. The total weight found from its use 
would probably not differ by more than one or two tenths of one per cent from those found 
from the rigid method. The final sections, however, should be fixed by the wheel-load 


method of computation. 


a a ee 


* The discrepancies in the table are all in the last significant figure, due to neglecting the remaining figures. 


Note.—A Supplemental Note, added to this Chapter in the Third Edition of this Work, will be found on p. 142. 
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COMPARATIVE RESULTS OF TRUSS COMPUTATIONS BY RIGID AND CONVENTIONAL METHODS, 


ZNSNXEV 


i pe = = ————> 


STRESSES IN THOUSANDS OF PouNDs. 


Spans Panel (w) Wheel Loads. | (A+ Q) Load. Eqs. (4) and (5). ae ma rt sa a 
Lengths, |Members.| Dead- : 
and Loads. Ss load Live Load Total Live Load Total Ratio to | Live Load Total Ratio to 
tresses. | Stresses. Stresses. Stresses. Stresses. | Wh. Lds.| Stresses. Stresses. | Wh. Lds. 
ab-be 20.2 67.5 87.7 66.9 87.1 99.6 66.9 87.1 99.6 
Uf = OO) BiCq=cd. | 30n2 94.8 R272 100.3 130.5 TOI.5 100.3 130.5 IOI.5 
Uf SS Wey CD 3022 97.0 2762 100.3 130.5 IOI 100.3 130.5 IOI.5 
(LD. == Iie Ay 
P= 2218 aB S25 117.9 150.1 106.5 138.7 92.4 106.8 139.0 92.6 
C= 1060 Be 16.1 O2n2 78.3 69.7 85.8 109.6 64.1 80.2 102.4 
ie Ann GEk* 0.0 29.2 29.2 39-5 39-5 135.2 3222 32e2 110.3 
ab-be 42.0 110.0 152.0 108.1 150.1 98.8 108.5 150.5 99.0 
7= 150 BC-cd | 67.2 169.5 236.7 172.9 240.1 IOI.4 173.6 240.8 IOI.7 
CL PAS CD 75.6 185.9 261.5 194.5 2701 103.3 195.3 270.9 103.6 
eT BO aB 63.0 166.5 229.5 162.1 225.1 98.1 162.3 225.5 98.2 
P= BV Be B7e0 110.8 148.6 112.6 150.4 101.2 108.2 146.0 98.2 
O00 Cd 12.6 62.6 75.2 71.8 84.4 D2, 2 64.9 Tapets 103.0 
DW = 3.88 De* 12.6 31.2 18.6 3083 26.7 143.5 3285 19.9 107.0 
ab-be 56.3 122.7 179.0 117-6 173.9 97.2 117.6 173.9 97.2 
= 200° | BC-cd | 100.0 211.5 311.5 209.1 309.1 99.2 209.1 309.1 99.2 
of = Boy CD-de | 131.3 Dye 403.6 274.5 405.8 100.5 274.5 405.8 100.5 
DE-ef | 150.0 312.7 462.7 BGG) 463.7 100.2 Sioa 463.7 100.2 
. = As LIT VSS 322.6 478.9 326.8 483.1 100.9 326.8 483.1 100.9 
== Ps 
Q = 100 aB 96.8 209.9 306.7 202.4 299.2 97.6 202.5 299-3 97.6 
w' = 3.66 Be 75-3 170.5 245.8 165.4 240 7 97-9 162.0 2375 96.7 
Cad 53.8 133.8 187.6 132.0 185 <8 99.0 126.0 179.8 95-8 
De 6283 100.8 UBEV TT 102.2 134.5 IOL.O 94.5 126.8 95:3 
Ef 10.8 72.0 82.8 70.1 86.9 104.9 67.5 78.3 94.6 
I hg 10.8 AG) 2) 36.4 53.6 42.8 117.6 45.0 34.2 94.0 
; ab, be 60.2 T2077 189.9 125.1 185.3 97.6 L253 185.5 97-7 
p= 200° BC ca | 103.1 ZT 317.4 214.4 Bins 100.0 214.8 317.9 100.2 
i 25 CD, de | 128.9 206.7 395.6 268.0 396.9 100.3 268.5 397.4 100.4 
ee oe DE 137.5 282.2 419.7 285.9 423.4 100.9 286.4 423.9 IOI.0 
== 2. 
Q = 100 aB O77: 210.7 308.4 203.2 300. 720) 20 OI.0 -6 
2 == 13506 Be 69.8 159.2 229.0 156.1 coke aa es : 4 aaaie a 2 
Cad 41.9 114.7 156.6 115.0 156.9 100.2 108.9 150.8 96.3 
Le 14.0 76.3 90.3 79-9 93-9 104.0 72.6 86.6 95-9 
Ef 14.0 43.6 29.6 51.2 37.2 125.0 43.6 29.6 100.0 
ab, be 87.9 161.3 249.2 154.7 242.6 97-4 154.8 242. ; 
2= 250 | BC, cd | 156.2 277-4 433-6 275.0 | 431.2 99-4 mee 4a. a i 
a= 25 CD, de | 205.1 361.3 566.4 361.0 566.1 100.0 361.2 566.3 100.0 
w= 2.00 | DE, ef| 234.4 409.2 643.6 Alans 646.9 100.5 412.8 647.2 100.6 
a ai? EF | 244.1 416.4 660.5 429.7 673.8 102.0 430.0 674.1 102.1 
DW == 3.52 aB 142.8 261.4 404.2 251.3 394.1 97-5 251.1 ‘ 
Be III.O 210.9 321.9 204.2 315.2 98.1 200.9 a ass 
Ca 79-3 165.7 245.0 161.9 241.2 98.5 156.2 235)..5 96.1 
ue 47.6 1258 FP }ei 7) 124.4 172.0 99.6 T17e2 164.8 95-4 
ee 15.9 89.6 105.5 g1.6 107.5 IOL.g oar 99.6 94.4 
ks 15.9 59-3 43-4 63.7 47.8 II0.1 55.8 39-9 91.9 
ab, bc | 120.1 189.2 309.3 183.7 303.8 8.2 183.6 fe) 
— 300° [HOG || OS 326.6 540.1 3260.5 540.0 Sone aren ray a 
LZ) 30 | CD, de | 280.5 426.0 706.5 428.6 709.1 100.4 428.4 708 .g 100.3 
B eee 320.2 476.8 797.0 489.8 810.0 101.6 489.6 809.8 IOI.5 
as ae 333.6 488.4 822.0 510.2 843.8 TO27, 510.0 843.6 102.6 
Q ==s100 aB 193.8 305.2 499.0 296.7 490. 8. 295.2 89.0 
Wael Awe BT 150.7 246.2 396.9 240.1 390 3 ce Bee sick ie 
Cd 107.6 192.9 300.5 189.4 297.0 98.8 183.7 291.3 96.9 
De 64.6 145.9 210.5 144.6 209.2 99-4 137.8 202.4 96.1 
Ey, 21.5 105.0 126.5 105.7 127.2 100.5 98.4 TIg.9 94.8 
fg Bias 69.7 48.2 Fam Bys2) 106.2 65.6 44.1 gI.5 


NoTr.—The heights of these Spans were as follows: For 100’ span, 4 = 25'; for 150' and 200! spans (Io panels) 
> 


h = 28’; for 200’ (8 panels) and 250! spans, 4 = 32’; for 300’ span, # = 38’. The loads given in the first column are 
for two trusses, 
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1124. Cooper’s Conventional Wheel Loads.—In Vol. XXXI of Trans. Am. Soc. C. E., 
p. §74 (Feb. 1894), Mr. Theodore Cooper, M. Am. Soc. C.E., recommends the following 
system of engine and train loads for all bridge computations, the resulting stresses to be multi- 


plied by a constant factor (by slide- rule) to reduce them to their equivalents for any other 
system of engine and train loads: 

) Gy ately Xe) oo © i 
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25,0. 
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15,000 
15,000 
15,000 
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LOAD ON BOTH RAILS. 


By using this system of loads as representing the least allowable loads for any railroad 
bridge, and finding the corresponding live-load stresses, we could then multiply these by 
factors, as 1.2, I.4, 1.6, etc., so as to change the stresses to those arising from any correspond- 
ingly increased loads. Thus, when the factor 1.6 is used, we shall have 40,000 pounds on the 
driver axles, in place of 25,000 pounds. Hence we could call this typical engine “E40” (the 
one used primarily being typical engine “ E 25”), and the loads would become 
2 8 ea g 3 8 


2 OOOO oo 


(e) 
(e) 


fe) 
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24,000 
24,000 
24,000 
24,000 


16,00 
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LOAD ON BOTH RAILS. 
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B40 

This loading corresponds very closely to that of the heaviest Lehigh Valley engines. 
The live-load stresses for this loading would be obtained by multiplying all the stresses found 
for the ‘E 25” loading by multiplying them all by 1.6. This could be done with a single 
setting of the slide-rule. 

This method of treating train-loads has now (1897) come into common use. For the 
purpose of utilizing this very satisfactory system, the moment table on page 1080 has been 
prepared.* It is less elaborate than that on page 79, but it serves the same purpose. It is 
computed for ‘“ Class E 30” loading, this being the mean of the two classes shown above. 
These moments are given in 1000-lb. units, and for one rail, or for one half the live load. For 
any other class, as for ‘Class E 27,” take 27 of the stresses found by the use of the table. 
The particular wheel to put at any joint is found as described in Chapter V. By comparing 
the table on p. 1084 with that on page 79 it will be found that the moments given in the 
former in column g correspond to those given in columns Io and 1 of the latter, reading from 
the bottom upwards in this case. As these are the only parts of the larger table which are 
used for finding abutment reactions, and since the panel-load concentrations can be obtained 
by summing the proper moment-increments in column /, it would seem that the smaller table, 
as-here given, were the more convenient. This table also serves to include the moment from 
uniform loads to a distance of 324 feet from the first wheel of the head engine. The prepa- 
ration of the table is evident from the headings. The moments given are the moments of 
the loads on one rail, while the loads given in the diagrams above are the total wheel loads 
on both rails. Each horizontal line of the table applies to that particular wheel or point in 
the train loading. The figures set in the upper part of the space are used only in compiling 
the other results in the table. 


* After fone prepared by Mr. C. L. Strobel, and contributed to the &. &. Gazette of Dec. 26, 1896, by Mr. T. L. 
Condron. 
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COOPER’S E 30-MOMENT TABLE FOR TWO 106$-TON LOCOMOTIVES, FOLLOWED BY 3000 LBS. 
PER LINEAR FOOT OF TRACK. 


(LOADS IN THOUSANDS OF POUNDS. MOMENTS IN THOUSANDS OF FOOT-POUNDS. ) 
For One RAIL. 


a 6 c d e Je £ x a : b @ dad pe g 
No. of | p; Dist’ce 0.0 : ist’ce 
Distance Sum Incre- Distance Sum a Incre- 
Ny nee from use! of Oe ment of | Moment. Meee from tifa of ies ment of | Moment. 
Toad 1st Wheel. ‘| Loads. Wheels,| Moment. eel, | Se Wheel. Loads. Wheels! Moment. 
a ai ike ee 15 10 2130 
Tele ri) "5 0 19 114 228 13338 
ig 8 60 15 10 2280 
20)-@ 2s 22.5 60 20 124 243 15618 
<5 5 BI2 eS 15 10 2430 
3 ©) 13 37.5 172.5 21 134 258 18048 
5 TO 7.5 ; Z 15 10 2580 
aei@1s |: PAT eke 360 22 144 278 20628 
zh 5 262.5 g 15 to 2730 
3 IC} 23 67.5 622.5 23 154 288 23358 
5 607.5 4 1g Io 2880 
Bul 18e |e ol) eee” ” |. 1280 2a |} 164 303 26238 
Pn tae : 386.25 15 Io 3030 
Walon sy |e | sy ; 1616.25/' 25 |) 174 318 29268 
9°75 6 522 g 15 10 3180 
8 O 43 96.75 2138.25 26 g 184 333 32448 
—- —_|—_—_ - - = iz —-—|- — soo i- = 
. 483.75 . 15 10 3330 
9 |o as| 7” | 1065 2 2622 27 ] 194 348 : 35778 
75 8 ; 852 g 15 10 3480 
10 CO 566 114 3474 28 204 363 39258 
= ; eo 8 QI2. 15 10 3630 
11 Oo 64 129 4386 | 29 214 378 42888 
—. = + 
ral 645 15 10 3780 
TewieGy ee"). (14a : . 5031 30 |G 224 : 393 x 46668 
5 20 15 10 3930 
ya eyer, © ues 159 BI51 31 234 408 zs 50598 
— = 4 pis 
I 795 15 10 4080 
14 O 79 : 174 : 6546 32 R44 423 54678 
wae 1566 Z 15 LO} 4230 
15 O 88 ae 183.75 2 $112 33 A 254 438 zs 59908 
ek ae 4 xo z 
918.75 Z 15 To 4380 
Tews oo esi > ltosts 2 >| 9030.75 264 453 : 63288 
9.75 6 t161 15 be) 4530 
17 |o 99 203.25 10191.75 274 468 i 67818 
ix 5 1016.25 5 10 680 
tsi toad eas 11208 284 483 : 72498 
15 Io 4830 
294 498 77328 
tS 10 4980 
304 513 82308 
15 Io 5130 
314 528 87438 
15 10 a me 
324 543 92718 


Yo illustrate how the table is used, the following example is given of a 200-ft, span of eight panels. 


With wheel 4 at c we have: 


Tengthiofibridgelto rightroficas site ane ee ae eee ee 150 ft, 
ss “ train to left of 4 (from table)». ace anaes sianieeeiieareteincios ro. 
Total length of train.on bridges ree ate 168 ‘* 
Nearest point of train load in table (oad. 24)\\ sn eeeenae 164. 
Distance from load point 24 toend of truss...... Sokone se teane 45 
Total weight of train to point 24 (from table)............ Saas f 303 Ibs. (thousands) 
Increment of moment to be added......... ApoeGbagucarmre wcrc 1,212 ft.-lbs, 
Moment of entire train about Point 24\(irom: table) ween 26,238 ‘ oe 
iLotalimomen teaser eee 0:6 eusfa lawl ia'y e/atetaley eli ereteeee eat z= 
Negative moment about wheel CeO MORIGrOGOOOASOUAG Umord taco aes ce 
Required moment at c (thousands of £t,-1bS.)s's.<sinsstee ae eee 6,502 
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LATERAL TRUSS SYSTEMS. 


113. THE lateral pressure upon a bridge or roof truss arising from wind or the centrifugal 
force due to loads moving in a curve, are resisted by means of lateral horizontal trusses 
placed between the chords of the vertical trusses. The chords of the vertical trusses thus 
form the chords of the lateral trusses. Roof trusses are usually braced laterally in pairs, the 
end pair taking the greater part of the end pressure, the others being merely stiffened against 
buckling, according to the judgment of the engineer. The stresses in the end lateral system 
are computed in the same way as are those in the lateral systems of bridge trusses, which will 
be discussed in detail. 

The lateral systems of a bridge are either of the Howe, Pratt, or Warren type, cor- 
responding usually with the type of the main trusses. Fig. 147 shows the upper and Fig 
149 the lower lateral system of a through Pratt truss, Fig. 148. The wind pressure may be 
from either direction, hence both sets of diagonals are required throughout. The floor-beams 
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usually form the transverse members of the lower lateral system in a through bridge, and of 
the upper lateral system in a deck bridge. The loads upon the upper laterals of Fig. 148, or 
upon the lower laterals of a deck bridge supported as in Fig. 150, are carried by them to the 
points C and Dor C’ and D’, and are then transferred to the abutments at 4 and & by means 
of portal bracing in the transverse planes of AC and BD. Two forms of such bracing are 
shown in Fig. 148 (a) and Fig. 150 (@). 


STRESSES DUE TO WIND PRESSURE. 


114. Upper and Lower Laterals.—The wind pressure upon highway bridges is usually 
taken at about 30 lbs. per square foot. The exposed area is found by adding the area of the 
vertical projection of the floor system to twice the vertical projection of one truss, thus 
assuming no live load upon the bridge at the time of maximum wind pressure. The pressure 
upon the upper half of the truss is assumed to be taken by the upper laterals, and that upon 
the lower half by the lower laterals. 

Instead of the above loads, specifications sometimes adopt a pressure of from Ioo lbs. to 
150 lbs. per lineal foot upon the unloaded chord and 200 lbs. to 250 lbs. per foot. upon the 
loaded chord. The wind loads upon the unloaded bridge are usually treated as fixed loads. 
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For railroad bridges, a pressure of from 30 lbs. to 50 Ibs. per square foot is assumed for 
the unloaded bridge, and about 30 Ibs. upon bridge and train, the load due to the pressure 
upon the train being treated as a moving load. Or, as in Cooper’s specifications, a total 
pressure of 450 lbs. per lineal foot upon the loaded chord, 300 lbs. of which is treated as a 
moving load; and 150 Ibs. per foot upon the unloaded chord. ; 

The adopted unit pressures of 45 lbs. and 30 lbs. of Chap. III agree very well with aver- 
age practice as regards bridges. 

The transference of the pressure upon the train depends upon the disposition of the 
floor-beams and lateral systems, but usually it may be considered as being all taken up by the 
lateral system belonging to the loaded chord. This question, together with the effect of the 
pressure upon the train not being applied in the plane of the floor-beams, will be discussed 
under the subject of centrifugal force. 

In finding stresses, loads on the lateral system of the unloaded chord may be considered 
as applied equally upon the two sides, windward and leeward ; and for the laterals of the 
loaded chord they may be taken as applied wholly on the windward side. The stresses are 
then readily found by methods already familiar. 

The resulting chord stresses should be combined with those due to dead and live loads if 
the live load is considered as acting simultaneously with the wind load; or if the live load is 
considered as not so acting, then they should be added to the dead load stresses. Phe 
stress in the windward lower chord is thus often reversed. There is also, as will be seen 
later, a uniform compressive stress in the windward chord induced by the action of the portal 
bracing, and this stress is to be combined with the two above. Wherever a reversal of stress 
occurs, reliance must be placed on the stringers to resist buckling; or where this cannot be 
done, as in the end panel, the chord must be counterbraced. 

Where the lateral rods of the system belonging to the loaded chord are attached to the 
flanges of the floor-beams, the stresses thus caused in the flanges must be taken into account 
when they are of the same sign as those caused by the bending moment. 


EXAMPLE I. Find the stresses of the lateral systems of Figs. 148 and 150, where 4B = 120 ft. and 


CC'=17 ft. Pratt system of laterals. Pressure on CD = 100 lbs. per foot, and upon AB = 200 Ibs. per 
foot ; all to be taken as a moving load. 


EXAMPLE 2. Find the stresses in the lower laterals, Fig. 148, for a pressure of 150 lbs. fixed and 300 
Ibs. moving load per foot. The diagonals are angle-irons riveted to Stringers and floor-beams and are 


assumed to resist in tension and compression equally. 

115. Portal Bracing.* —/orm 1. A common form of portal bracing is shown in Fig. 151. 
p The distance AC, =<c, is the length of the end post whether vertical or 
inclined. With the usual Pratt type of upper laterals, one half the entire 
load upon the intermediate panels is transferred to the point C, as one 
abutment of the lateral truss. Call this load R. There is in addition 
about one-half a full panel load applied at C, and one-half at C’; these 
are due to the pressure upon the end panel of the upper chord and upon 


os 
w| 


P. 
the end posts. Call each 3: These external forces are held in equilib- 


FIG, 151. rium by other unknown external forces, in the plane of the portal, applied 
at A and A’. Let the components of these forces be as represented in the figure, 
From the conditions of equilibrium we have readily, 


HA Hla Ro Pen VY! = — Vi=(R AP) a 

Assuming H = A’, as is admissible, we have 
apy ee gee 

=H Bude ° ° i) Q o) ° s e 6° e e e e S (2) 


ee 
* See also pages 159, 288, and 329. 
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Passing the section 4m and taking centre of moments at Dethe piece CD not beings in 
action with wind from right, we have 


(x bale He 2) 


@ 


compressive stress in CC’ = 


= (=4)s4 s he ies te) 


If the upper laterals are of the Howe type, transferring their loads to C’, the stress in 
CC“ will be less than that above by the amount 2. 
From 2 vert. comp. = 0 we have 


tensile stress in C’D = [7 sec d =(R + Py; SCC.08 \.) seaweed) seme) 


From 3 mom. = 0, centre of moments at C’, we have 


Je 
compressive stress in DD! = as = = =, os i, 2 A remmeeatoy 


The force V’ produces a uniform compressive stress in the post A’C’, and the force V 
reduces the compressive stress in the portion AD of the post AC. Above VD there is no 
change. 


: R+P 
The bending moment at Dand D’= HX (¢c—e) = = (c — e), and is the greatest 


moment inthe posts. The maximum compressive fibre stress in the posts occurs on the inner 
side of the leeward post at D’, where the flange stress due to the bending moment adds to 
the direct stresses due to V’’ and to live and dead loads. Each post should then be designed 
to resist this combined stress. 
If the posts are inclined, the horizontal components of V and V’’, (V sin @), (Fig, 152), act 
directly upon the lower chord as a relief on one side and an addi- C 
tional tension on the other. These stresses are uniform throughout ANNI 
the length of the bridge, and are to be combined with those due to On 
the lower lateral system and to live and dead loads. A reversal of Fic. 152. 
stress often occurs in the end panels of the windward chord, as stated in the previous article. 
A strut, JA’, in Fig. 151, is usually inserted to distribute the pressures to the two 
supports. At the fixed end of the span the stress in this strut may be taken equal to one- 
half the load brought to A by the lower laterals ($A’). At the free end it is equal to 


PI Qk eI RE CETTE TENE, Eon eles ES), 
or to 
(R’+4P’+ H)— a yi V cos a), ert ener Be amor spr 4 (6)-) 


whichever is the greater. In eq. (6’), $?’= pressure upon the end panel of the lower 
laterals applied directly at A; W= total dead load; and V cos a = upward pull on shoe 
of windward post. The first parenthesis is thus the total lateral pressure upon A, and the 
second is the frictional resistance of the, post, taking 4 as the coefficient of friction. The 
difference must be transmitted to A’. 
* 5 <— When ls < V cos a, the bridge must be anchored down. 
4 
Form 2. The portal of a deck bridge is of the form shown in Fig. 153. 
The stresses in CC’, AC’, AA’, and the direct stress in A’C” are found as in the 
A' A previous case. There is no bending moment in any member, nor is there any 


Fic. 153. tension in AC. 
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Form 3. Fig. 154 shows a common form of portal. The stresses in the main posts are 
as in Fig. 151, the dangerous section being at D’. 

Treating the portion CDD’C’ asa beam, we may find the stress at 
any point “of the flange CC’, by passing a section /Z and then taking 
moments of the forces on the right, about & We have then, from eqs. 


é (1) and (2), 


FT (¢e— e) + (p+ Fe— Vz 
e 


R R+tP 
=F+4+/ Ze = —(R + Pie i261, LOD Leas ‘ (7) 


= Hong) (Ae See 


W ben; = : the last term of eq. (7’) is equal to zero; and for =o this quantity is 


stress in CC’ = 


Fic. 154. 


V O ane V b : : 
equal to + pas and for x = 6 it is equal to — res The piece CC’ may then be considered 
as having a uniform compressive stress of = and an additional stress varying uniformly from 


Va ; : : 
zero at the centre to a value of pare each end, compressive on the windward side and ten- 


sile on the leeward. 
Taking moments about /, we find similarly, 


; Note Le (2 
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tensile on the windward and compressive on the leeward side. The flange stresses thus differ 
ne 
numerically by —, as they should, from & hor. comp, = o. 


The shear on the section E¥ = V, and may be distributed equally over the web members 
cut. 

The stress in the strut 4’ is the same as in the first case. 

Form 4. In small bridges, for lack of head room, simple knee-braces, DE and D'E’ (Fig. 
155), are often used. 

With the same notation as before, we have the following stresses : Cae 

Passing the section 4m through C and D, we have, by taking moments » 
of the forces on the right, about C, 


hor. comp. tensile stress in ED = 


HxXec (R+Pyjc 
et wigs Dome 
= hor. comp. compressive stress in Z’D’. Fic. 155. 


meee 


Bending moment at D and D'’= Hx (¢ — e) = 


From =' vert. comp. = 0 on the right of the section fg, we have, 


direct compression in CD = vert. comp. ED — V, 
gene co (S <), 
= 2 FRR a) artes oO (11) 


The direct compression in AD! = V' =(R+ P)s, ee ee 
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a value greater or less than that given by (11) according as f is greater or less than “a The 


greater of the two values, (11) or (12), is to be added to the compression due to dead and 
live loads, and the resulting fibre stress added to that due to the bending moment given in 
eq. (10). This will give the maximum stress in the end posts. 


Bending moment at = HX ¢—V x f= + PF), «| 2 ous hot aera CLS) 


b 
Maainrsiisisa P R 
Direct compression in EE’ = R + ia A= Bia tt oe ss ee eens (14) 
Direct compression in ZC = R+ et hor. comp. £D — H= os ears » (15) 
2 2 2 Ee 
Direct tension in £’C’ = Bele ee “ opel ec: Swi Gn oe ek (16) 
2 e 2 e e . e e e 


The maximum compressive stress in CC’ therefore occurs just to the right of & where 
the stress due to (15) is added to that due to the bending moment of eq. (13). Likewise eqs. 
(13) and (16) give the maximum tensile stress in CC’, which is just to the left of £’. 

Form 5. The bending moments on the posts and the stress in the strut CC’ may be 
reduced without reducing head room by the arrangement of Fig. 
156. The maximum bending moment in the posts = H x (¢ — é) 
as before. 

The stress at any point / of CC’ is given by eq. (7’), in which 
e is now the variable depth A/F of the beam. This stress is ‘a maxi- 
mum at the section F# where the tangent at & cuts CC’ in the 
centre O; for at that section the variable lever-arm ¢ varies at the 
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same rate as the variable lever-arm (= — \, and hence the rate of 


change of their ratio is zero. 
The horizontal component of the stress in DD’ is equal to the 


: gt 
stress in CC’ at the same section, minus 57 as in eq. (8). This stress Fic. 156. 


is zero at the centre, tensile on the right and compressive on the left. The maximum value 
of the horizontal component of the stress in DD’ is at Z, but the maximum value of the stress 
itself occurs at some point to the right of &. It may be taken as that point near D, to the 
right of which the flange stress can be assumed as transmitted to the post in a direct line by 
means of the connecting plate. 
The web stresses in the central portion are found by dividing the shear, V — vert. comp. 
DD’, by the number of pieces cut. The two web members meeting at any point of the flange 
should also be able to take up the difference in the flange stress in the two 
Gc R+E adjacent panels. 
e Form 6. Fig. 157 shows a modification of Form 5. The maximum 
moments in the posts occur at / and /’. The maximum stresses in CC" 
| and DD’ occur at G.and #, and are found as before. The stress in AF 
2 saa | may be found by assuming that the stress at D in DD’ is equal to that at 
E, and that the piece £/ takes the remaining moment. Thus with centre 
Hy of moments at C, 


Hy oe . 
Fic. 1577. hor. comp. EF x (f+ e) = A Xc — stress in ED X e. 


The web members between & and £’ take the shear VY, and to the right of & they take the 
shear V, minus the vert comp. of the stress in EF. At &they must take the vert. comp. in EF, 


Portals with Fixed End-posts.—In the foregoing discussion the end-posts have been treated 
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as not capable of resisting bending moment at their bases, A and A’ in the figures. Where 
they are so well anchored to the masonry, however, that the ends are fixed in position, the 
stresses in the portal and in the posts are very much reduced. With a well-designed portal 
the upper ends of the posts are also fixed, and we may take the point midway between the 
lower edge of the portal and the foot of the post as the point of inflexion. Then in Fig. 154, 
for example, the reactions 7 and V may be considered as applied at a point half-way between 
A and PD, at which point the moment is zero. The analysis then is the same as already given, 
the distance c being replaced by e+ 3$(¢ —e). The bending moments on the posts are thus 
reduced one-half and the other stresses correspondingly.* 

The requisite strength of anchorage to give fixed ends is readily found from the bending 
moments at the feet of the posts. These are the same as at the points D and D’. 

The preceding applies also to the sway bracing of elevated structures where the support- 
ing columns are firmly anchored to the foundations. 

116. Skew Portals.—Fig. 158 isa plan of the upper lateral system of a skew bridge 
with vertical end posts, and Fig. 158 (a) is the elevation of the portal upon a parallel plane. 


Eeap y GES] | 
PEED etme ABs N 


1 
Lx, 1 
A (a) ° e 


me (R+P { 

oe 1 

“ VA SiS 
2 H 

oO 1 

ces) A F (6) ¢. 


Fic. 158. FIG. £59. 
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The lateral force, R + Bh applied at C(R is the lateral component in CD, and Sis the wind 
pressure applied directly to C), is resolved into the components (eee) sec # and 
P. JE 
(a+ 4 tan 8, where # = angle of skew. The force (z o's ) sec # replaces the force 


oe : ; . 
R+ 5 in the discussion of the preceding article, and (r +- =) tan #, together with a similar 


force at the right end, act upon the main truss, producing only slight additional stresses. 
The plan of the upper laterals and inclined portal of a skew bridge are shown in Fig. 1509. 


The lower laterals are represented by dotted lines. Fig. 159 (@) is the projection of the portal 


on a plane parallel to itself, and Fig. (6) is the elevation of one truss. The lateral force at 
j : P 
C in the plane of the portal is, as before, (r+ 4 sec 6. The perpendicular distance from 


WA to CC’ ts equal to VAE + f, where AE is the horizontal distance between these two 
lines, equal to AF cos £, and h is the height of the truss. This distance corresponds to the 
distance ¢ of the preceding article. 

117. Sway Bracing of the same form.as portal bracing is usually placed at each panel 
point of a deck bridge and at each panel point of a through bridge when the height is more 
than about 25 feet. This bracing is sometimes designed to carry the wind pressure from one 
chord to the other at each panel point, in which case but one lateral system is needed. 
The stresses are computed the same as for portal bracing, the external lateral force being 
equai to the wind load upon one panel. The resulting vertical reactions corresponding 


* For the case of end posts fixed at the base with a simple system of diagonal bracing at top, see page 159, Chap x 
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to Vand V’, Art. 115, act as loads, upward or downward, upon the main trusses. The portal 
bracing proper is now subjected to the same loads as the intermediate sway bracing. 

When both lateral systems are used, the stresses in the sway bracing are still often com- 
puted on the same assumptions as the above, although if the two lateral systems have equal 
lateral deflections these stresses are zero. However, with wind pressure upon the wnloaded 
bridge, the lateral system of the chord supporting the floor has, in the case of railway bridges, 
only about one third of its full load, while the other system is fully loaded. In this case the 
lateral deflections are not equal; the sway bracing will be distorted, and some stress will be 
thereby transmitted to the stiffer lateral system. The assumption that one half the wind press- 
ure upon the one system is thus transferred is certainly on the safe side when the portals are 
properly designed, even with the most rigid form of sway bracing; with a flexible form, as 
simple knee-braces, very little stress can come upon this bracing from wind pressure. No 
change need be made in the laterals on account of stresses arising from the sway bracing. 

118. Eccentric Loads.—For double-track deck railway bridges and for highway 
bridges, specifications sometimes require that the sway bracing shall be proportioned to 
distribute eccentric loads equally upon the two trusses. Such a distribution it is impossible 
to attain to any extent, without the use of extremely heavy laterals and sway bracing. The 
stresses in the three systems of trusses—the vertical main trusses, the lateral horizontal 
trusses, and the sway bracing—due to eccentric loading, depend upon the relative rigidity 
of the several systems, and will now be discussed. 

ist. Zhe Lateral Horizontal Trusses—The sway bracing of a deck railway bridge is shown 
in Fig. 160. Let Pbea panel load upon one track, e the eccentricity, 4 the Fic. 160, 
width between trusses, and &% the height of the trusses. The portions of the 


load transferred to C’ and C are $P-+ PS and 4P— je 


3 respectively, there 


2e 
being an excess of Lee at C’ over that at C. So far as the stresses due to 


: 2¢e : 
eccentricity are concerned we may then consider a load equal to Bz at C’ 


and no load at C. 

If there were no horizontal trusses in the planes AA’ and CC’ Fig. 161, 
2¢ 
3b 
A, and to twist the cross-section into the position shown by the dotted lines; for the sway 
bracing would still preserve the rectangular shape of the cross-section, there being no resist- 
ance to the lateral motion of CC’ and AA’ beyond the slight resistance of the main trusses 
to becoming warped surfaces. The posts AC and A’C’ would thus be inclined as much to 
the vertical as CC’ and AA’ are to the horizontal, and if we assume CC’ and AJ’ to have 
equal lateral movements the movement of each would be tas. If, however, there were 


the effect of the load P= would be to deflect the truss A’C’ the full amount, 


Fic. 161. 


horizontal trusses in the planes 4A’ and CC’, this lateral movement would be somewhat 
resisted, and with extreme conditions of perfectly rigid sway bracing and very flexible 


‘ ; ; . Ie 
horizontal bracing the lateral deflection of each horizontal truss will be Zess than 547 
Hence the greatest stresses that can occur in the members of the lateral horizontal trusses 


Tuy th é 
are less than those due toa deflection of 545: The stress per square inch due to this 


deflection is independent of the size of the members, but with heavy bracing the deflection, 
and therefore the unit stress, will be reduced. It will be shown, however, that the stresses 


due to this maximum deflection are very small. 
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If 4, = deflection of the vertical truss under full live load P, 


4, = deflection of lateral truss, 
[47 
Se. 
DEO 
S, = average unit stress in vertical truss for deflection J, 
= unit stress due to full live load, 


aud : 
S;, = average unit stress in lateral horizontal truss for deflection 4,, we have 
2e 
4 Py 2e 
teas Pt aaa 
I hk eh 
4, =~ 45 =a, 


Now for any given case 4, can be computed by eq. (6), Chap. XV, using for this purpose a 
single average value of S,, or unit stress, to replace g, and p, of that equation. Having found 
4, the value of 4, may be found by means of the above equation. The corresponding value 
of S, is then determined by putting ~, = p. = S, in the second of eqs. (7), Chap. XV (assuming 
all the deflection to be due to the web members), and solving for S,, the deflection being known. 

In ordinary cases S, is about 8000 Ibs. per square inch; and the greatest stress on the 
laterals due to eccentric loading is not usually greater than 2000 lbs. per square inch, an insig- 
nificant amount as compared to the great unit stress allowable in these members. In through 
bridges of average depth the ordinary form of sway bracing is very flexible, and the stress in 
the laterals is much less than the above. 

Take as an example a Pratt truss of 200 ft. span; 12.panels;.2,— 33 ft..4ifes OG = ont 
e=O6ft. The actual computed deflection for full live and dead loads is about 2.5.in. If one 
half the dead load (double track) be taken at 1300 Ibs. per foot, and the live load per track at 


3000 Ibs. per foot, the deflection due to full live load is equal to 
na eae Bh ore 
a, ree Oa oe ts 
and 
ch 6 X 334 
4, 
ce al ORS 
Now the actual deflection of the lateral system in terms of the unit stress, computed as 
in Chap. XV (assuming all the deflection to be due to the wed members because of the great 
size of the chords), is equal to 


Aj, 000255, 


18. ==)-46 An. 


Hence 
Si; = 40004, = 1840 lbs. per square inch. 


2d. The Sway Bracing—It has been shown above that with no lateral bracing there is 
no appreciable stress upon the sway bracing; also it is clear that whatever stress is brought 
upon the sway bracing must be resisted by the laterals at C’ and JA. But the greatest resist- 
ance that is offered by these laterals is that due to a unit stress of possibly 2000 lbs. per square 
inch, an amount equal to about one-seventh the stress due to wind pressure. Hence the 
stress in the sway bracing is not more than would be caused by the transferring of one 
seventh the wind pressure at each panel from one chord to the other, an insignificant amount. 
Finally it may be said that, besides transferring perhaps one-half the wind pressure as 
shown on p. 115, the office performed by the sway bracing is to prevent independent lateral 
vibration and swaying of the vertical trusses; also to stiffen long posts and to aid in the 
erection. Its design must be left mainly to the judgment of the engineer. 
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In deck bridges and deep through bridges the rectangular shape of the cross-section will 
be almost exactly preserved by the sway bracing, but with shallow sway bracing or with none 
at all, the floor-beams, when rigidly connected to the posts, are called upon to act as sway 
bracing, and small bending moments are produced in them with some tension on the connect- 
ing rivets. The stresses thus produced are very small, as shown above. 

119. The Centrifugal Force* /, of a body of weight P, moving in a curve of radius 7, 
is equal to 


Vv 
Pitt rantush shinsyhs tn) ea em) 


(60 X 60)? 


where gis the acceleration of gravity = 32.2 ft. per second, = 32.2 X 8 
5280 


= 79,100 miles 


5730 


per hour. Expressed in miles, 7 = 2 + 5280, where 5730 = radius in feet of a 1° curve, 


and D = degree of curve. Hence 
een 5280 
~ 5730 X 79100 
where v is in miles per hour and D = degree of curve; Pand / are in like units. 
Fig. 162 represents a transverse section of a through bridge. The centre of gravity of 
the panel load is at G, with an eccentricity ¢. The eccentricity eis the average e! c 
eccentricity for one panel length and is due partly to the eccentricity of the 
track and partly to the horizontal displacement of the centre of gravity, caused 
by the inclination of the track. It will be taken as positive outwards. he line 
DD’ is the centre of the floor-beam; AA’ and CC’ are lateral struts. The 
stresses caused by the force / and the load FP, in the laterals, the main trussses, > 
the stringers and floor-beams, will be discussed in order. " 
The Lateral Trusses—-The loads F and FP are given over to the floor-beam Fic. 162. 
and thence to the posts at D and D’. Fig. 163 shows the floor-beam with reactions. The 


Tpg= Pe OOOON NU) Ls a) RT yt, nines ohn oud aerate te 


ue 
horizontal reactions are each equal to 3? assuming them equal to each 


F 
7 le 
(el aS Df other. These horizontal forces are carried by the posts to the laterals, 
tae ies ey 
Fic. 163. the portion taken by the lower laterals being equal to # x Vamt and that 


taken by the upper being equal to F X 0 one-half of each being applied at each side. The 


Fah —a) 
2 Retain 

If the live load is taken as a uniform load, then P is the same for all panels, and likewise 
F. But if wheel loads are used, then Pand F vary. However, since / is a constant function 
of P for any one problem, the maximum moments and shears in the lateral systems, due to 
centrifugal force, will be a constant function of the maximum moments and shears in a vertical 


truss due to the actual wheel loads. Hence, for the lower laterals, to get moments and shears, 


hig 
multiply those found in a vertical truss for.the total wheel loads by ae and for the upper 


bending moments at D and D’ = 


a ; : : 
—. The maximum value of / for one panel is equal to the maximum 
L 


laterals multiply by ke 
vertical floor-beam load multiplied by % This value of # is to be used in getting the 


moments on the posts. 
Usually one of the lateral systems lies practically in the plane of the floor-beams, in which 
case the whole of Fis carried by this one lateral system and the posts receive no bending moment. 


* For a fuller discussion of this subject see a paper by Prof. Ward Baldwin, M. Am. Soc. C. E., Trans. Am. Soc, 
C. E., Vol. XXV, p. 459. 
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The vertical main trusses supply the reactions V’ and V, Fig. 163. Taking moments 
about D’, we have 


b 
Aphew 
Ne hes Ig Gate is) ; 
Ve= - b —— P(t ab ahem 9 e ° e e e 8 e (19) 
and from 2 vert. comp. = 0, 


k 
Pt ee i ee 


From these two equations we see that the inner truss receives its maximum load for a 
minimum value of &, that is, for a stationary load; and that the outer truss receives its maxi-’ 
mum load for a maximum value of &. 

Since e varies for the different panels, Vand V’ are.not constant functions of 2. How- 


; ht ; Bor Niverk 
ever, those portions of Vand V’ not containing g, ice., P= — 7 and pt ~ Ze are constant 
functions of P, and the stresses in the trusses due to these portions of the load may be found 
similarly to the stresses in the laterals; that is, by finding the moments and shears in a single 
truss, or in this case the stresses, due to the actual total wheel loads, and then multiplying by 


the factor 4 for the inner truss (4 = 0), and by (ae 2 for the outer truss. 


: e Rapes : 
For the stresses due to the portions — Py and + Ls it is sufficiently accurate to assume an 


5 : é é 
equivalent uniform load, determine e, and thence P, for each panel, and with these panel loads 
compute the stresses in the ordinary way. A portion of the loads on each truss will be upward. 
Stringers.—Each stringer will receive a lateral moment and shear equal to & times the 
maximum vertical moment and shear due to one-half the actual wheel loads. This moment 
is taken by the upper flange and adds to its stress, and the shear requires additional rivets to 
connect the stringer to the floor-beam. 
The vertical load upon each stringer is found just as for the trusses, and is given by eqs. 
(19) and (20) by substituting for 6 the distance between stringers. If we call this distance like 
the load upon the inner stringer is, for = 0, 
i ff 2¢ 
I— Wa > e e e e ° e e e e ° ° ° (21) 
and that upon the outer stringer is 
i 
1 
2 ae 
In this case ¢ may be taken as constant for one panel, using an average value. The maxi- 
mum moments and shears in the stringers are then found by multiplying those for actual 


é ae 


ae eee er mre ct) 


wheel loads symmetrically placed, by the multipliers of Pin the equations above. The quan- 


tity ¢ refers in this case to the axis of the stringers and not necessarily to the axis of the 
bridge; it will thus have different values in different panels, and hence the stresses in the 
stringers will be different. 

Floor-beams.—The total maximum floor-beam load is that due to the actual wheel loads 
moving on a straight track. The portions given over to the two trusses are given by eqs. (19) 
and (20). With £=0, the value of V is the maximum shear at the inner end; and with £ a 
maximum, the corresponding value of V’’ is the maximum shear at the outer end of the floor- 
beam. These shears, multiplied by the distances between the posts and the stringers, give 
the maximum moments in the floor-beams. The value of ¢ in the above is to be taken as the 
average value for two panels, referred to the axis of the bridge. 

The floor-beams are also subjected to a direct compression from the laterals, 
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120. Historical Sketch.*—For two hundred and fifty years the true theory of the strength of a beam 
has been a much-mooted question amongst physicists, engineers, and mathematicians. 

Gailzleo was the first of whom we have any record who undertook to discuss the problem. In his 
famous Dialogues (Leiden, 1638, from which Fig. 164 is taken) he propounds a theory based on an assumed 
absolute rigidity of the material, and concluded that the fibres of the beam were subjected to a uniform 


4 
, il ie 
é, Ale host 
Se 
exe 
The i) 
AT kt 
ese D 
‘i ! py ae me fs 
BIL INTR Ce pp <=> ? 
ne namie d AN ay (& 


SSS 
WS 


LZ ZZ 


=> = SS 
SRS SEES 
WSS 
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tension which acted about the base of the beam asa fulcrum. On this theory the moment of resistance of 


bh? ; ; Senate : : 
a solid rectangular beam would be ba ae where / is the ultimate strength of the material in tension. 


Robert Hooke first published his famous law of the relation between strain and stress in 1678, 
discovered by him he says 18 years previously, and kept secret for the purpose of procuring patents on some 
applications of the principle to springs for watches, clocks, etc. Two years previously he had ventured to 
publish the law in an anagram at the end of another book, in this form, i cerrin osssttuy,” which being 
interpreted reads, “ Ut Zenszo stc urs,” or, “as the extension so is the Bes lstanee: Hooke makes this law 
apply to all “springy” bodies, amongst which he names nearly all ordinary solids. This is still known as 


Flooke’s Law. 


*This historical review of the development of the true theory of the beam is derived mostly from pee aes: 
“* Historique Abrégé des Recherches sur la Résistance et Renee Shae ed e fee ee Sh saeietes am oak 
“ Legons,” Third Edition, Paris, 1864, and from Todhunter’s History of the Theory of Ela ty, ; ; 


1886. 
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Mariotte showed by experiment in 1680 that the fibres on one side of the beam were extended and on the 
other side compressed, and assumed that the neutral surface passes through the centre of gravity of the 
section. 

Varzgnon, in 1702, undertakes to harmonize the theories of Galileo and Mariotte, by admitting the 
extension of the fibres, but puts the neutral plane at the bottom, as Galileo did, and assumes the tensile stress 


as uniformly varying from there to the other side. This would make the strength of a solid rectangular 
2 


beam 2 , which agrees almost exactly with the facts for cast-iron at rupture when / is the tensile strength. 


James Bernoutllé made an important advance by applying Mariotte’s law to obtain deflections of beams 
(1694 and 1705), and argued that the position of the neutral axis is a matter of indifference, which was a 
great error. He denied the truth of Hooke’s law, which we know is not applicable to all substances, 
nor to the point of rupture with any substance. He first constructed stress-strain curves, but his work in 
the field of hydraulics was of even greater importance than in the study of solids. 

A. Parent, a French academician, seems to have been the first to perceive (1713) the mechanical 
necessity of equilibrium between the tensile and compressive stresses, which condition, together with that of 
a uniform variation of stress, fixes the position of the neutral axis at the centre of gravity of the section. 
This important discovery seems, however, to have passed unnot ced. 

Coulomb reannounced this relation in a memoir to the French Academy in 1773, or sixty years after its 
first publication by Parent. Saint-Venant credits Coulomb with never having seen Parent’s work, as no 
writer of that century has mentioned it. But even after this second publication of so important a necessary 
truth, such workers as Girard, Barlow, and Tredgold all misconceived the mathematical necessities in the 
problem, and resorted to various makeshifts to explain the strength of beams. 

Navzer finally, in 1824, put the matter on a solid mathematical basis, although he also at first went 
entirely astray. He stated in his first edition that the moment of resistance varied as the cube of the depth 
of the beam, and in his second edition this error was corrected, but the moment of the stresses on one side 
the neutral axis was said to be equal to the moment of the stresses on the other side, about that axis, 
an equality which does not exist except on symmetrical sections. Navier also fully developed the theory 
of the deflection of beams as we now use it. 

Saint-Venant, a student of Navier’s, has finally (1857) in his notes on Navier’s Lecgons given a complete 
analysis of both the elastic and the ultimate strength of a beam, with suitable equations which will give 
theoretical results agreeing with the actual tests, when the empirical constants are properly evaluated. 
This great engineer, physicist, and teacher has done more than any Other one to bring theory and practice 
into harmony and to put both on a thoroughly scientific basis, so far as the strength and elasticity of 
engineering materials is concerned.* 


In spite of these various true expositions of this subject the source of strength in a beam 
continues still to be very imperfectly understood by many engineers, and even by current 
writers on applied mechanics, and gross errors in this direction are still common. It is in 
consideration of this state of the science that the problem is treated so fully here. 

121. Elementary Principles of Universal Application.t—Since stress is the internal 
resistance to distortion produced by the application of external forces to a body, there is 
always an equilibrium established between the internal stresses and the external forces. 
When the body is a rigid beam which is acted upon by external forces which produce shear 
and bending moment at any given section, the equilibrium between the stresses and forces is 
of exactly the same kind as obtains in the case of a framed structure, as discussed in Chapter 
II. Hence the three general equations of equilibrium apply to beams the same as they 
do to trusses. We may therefore pass a section through a beam, replace one portion by the 
stresses acting at this section, and write the three general equations: 


= vertical components of stresses = & vertical components of external forces; 
= horizontal ey “e Os => horizontal ‘“ “ “ 6 
= moments oS “ = > moments “ “ é< 


* He died January 6, 1886. 


+ In this chapter few proofs are given for fundamental equations, these being fully developed in modern text- 
books on Applied Mechanics, ; 
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The sum of the vertical components of the stresses is called the shear on the section 
When the beam is subjected to vertical forces only, there is no result- 
ing horizontal component either of the forces or of the stresses. That 
is to say, the algebraic sum of the horizontal stresses which make up 
the resisting moment must be zero, since there is no resultant hori- 
zontal force to be-resisted. Therefore the sum of the compressive stresses 
must always equal the sum of the tensile stresses in simple cross-bending. 
This is a mathematical or mechanical necessity, and holds true at rup- 
ture the same as at the elastic limit, being independent of the material or of the form of the 
section. If these two opposing stresses were concentrated at their respective centres of 
gravity, they would form a couple, the moment of which is the moment of resistance which 
holds in equilibrium the external forces, and hence it is always equal to the external moment. 
The horizontal surface where the stresses change from tension to compression is called the 
neutral surface, or neutral axis, since here there is neither tension nor compression. 

If the centre of moments be taken at this surface, the moment of the resisting couple is 
the arithmetical sum of two moments which are equal to each other under symmetrical condi- 
tions. But since these partial moments are added together to make up the total moment .of 
resistance, there is no logical necessity that they should be equal, and when the cross-section 
is not a symmetrical one they never are equal. 

122. Elementary Principles True within the Elastic Limit.—Within the elastic 
limit the ratio between stress and strain is a constant one, or here Hooke’s Law holds true. 
Beyond this limit the stress does not increase as rapidly as the strain. 

Within the elastic limit also a normal section of the beam which is plane before bending 
is a plane and nearly normal after bending. Since after bending two plane sections which 
originally were parallel become inclined to each other, it follows that the fibres, or elements, 
joining these planes have a uniformly varying length across the section even though these 
planes are no longer normal. If the bending has stopped within the elastic limit, then the 
stresses are proportional to the strains they are resisting and therefore for all bending within 
the elastic limit the stresses are untformly varying across the section. This conclusion is a 
logical or geometrical necessity from the premises which have been experimentally estab- 
lished. 

From the two conditions of uniformly varying stress and the absolute equality between 
the sum of the tensile and the sum of the compressive stresses, it follows (from the laws of 
mechanics) that the neutral axis, or neutral plane, traverses the centre of gravity of the section. 


FIG. 165. 


If 7 = moment of inertia of the cross-section, 
f = unit stress on the extreme fibre on either side, 
y, = distance from neutral axis (c. of gr.) to the same extreme fibre, 
M,= moment of resistance of beam at any section, = bending moment Y% of the 
external forces on one side of that section about a centre taken at the neutral 
axis in the plane of the section, 


then, so long as f remains inside the elastic limit, we have, for all materials and forms of cross- 
; wo a . 
section, the following exact and universally true relation: 


which is the general equation of the moment of resistance of a beam, within the elastic limit. 

If the section is a symmetrical one, fand y, are the same for the extreme fibres on both 
the tension and the compressive sides. If unsymmetrical, as in Fig. 166, then the extreme 
fibre on the compressive side, being much farther away from the neutral axis, has a corre: 
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spondingly larger stress. The unit stresses follow a law of uniform variation across the entire 
Mesias section, but total stress, being the unit stress multiplied 

by the area over which it acts, might be shown graphically 
cooooo a hG---7h éby multiplying the unit stresses by the corresponding 
unit stress total’ ~—s widths of the section, which would give a diagram, as shown 
Fic. 166; Fic, 167, 1" Fig. 167, where the areas above and below the neutral 

axis are equal. 
The following moments of resistance of solid cross-sections in terms of the unit stress on 
the most distant fibre, with the corresponding values of / and y,, are rigidly correct for all 


bending stresses inside the elastic limit of the material. 


Moment of Resistance 
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123. Elementary Principles true beyond the Elastic Limit and at Rupture.—In Fig. 
175 are shown strain diagrams of some of the more common materials used in engineering 
structures. Their distortions within their respective elastic limits are too smail to be shown 
on this diagram. These limits are therefore at the points where the curves leave the vertical 
axis. Cast-iron and timber have no definite elastic limits, their diagrams being curved from 
the start. When these materials are used in beams of simple geometric form, as in solid rect- 
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angular or circular cross-sections, their breaking strength does not conform to the equations 
given in the last article. In the case of the ductile metals like wrought-iron and mild steel 
such a beam will bend cold through an angle of 180° perhaps without rupture, and hence can- 
not be said to have any assignable “ cross-breaking ’’ strength. If sucha term is used it should 
be named “cross-bending” strength, and by this should be understood its strength at its elas- 
tic limit. At this point it conforms to the laws of internal distribution of stress as given in 
the last article. Such materials therefore can scarcely be regarded as having any definite or 
assignable ultimate cross-breaking strength, or modulus of rupture. 
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With such materials as timber or cast-iron, however, the case is different. Here the 
beam does break under definite loads, but these loads are always much greater (perhaps by 100 
per cent)than the equations in the previous article would seem to indicate. The fatal mistake 
writers on mechanics have made has been in ever using such a form of equation as (1) to exe 
press the moment of resistance of a beam at rupture. Its field of application lies only within 
the elastic limit of the material. 

124. The Distribution of Longitudinal Stress (Tension and Compression) across the 
Section of a Beam when loaded beyond its Elastic Limit.—Since a section plane before 
bending remains sensibly plane after bending, even 
beyond its elastic limit, it follows that the strain or 
distortion is uniformly varying across the section, under 
all circumstances. From the neutral axis to the ten- 
sion side of the beam, therefore, the stress increases 
just as it does in an ordinary strain diagram, where 

the increments of strain are plotted to a uniform hori- 
Ae ce 8 ae = _ zontal scale. If the beam fails in tension, the stress, at 
a rupture, on the extreme fibre on the tension side of the 
beam is the ultimate tensile strength of the material. 
Thus let the curves OC and OD in Fig. 176 represent the tension and compression strain 
diagrams of cast-iron, for instance. The ordinate CB = fis the tensile strength of the iron. 
Since this is the actual stress on the extreme fibre at rupture, we may construct a vertical sec- 
tion, or projection of the beam on this diagram by taking the ordinate BC as the tension side 
of the beam, the point O marking the neutral axis. Then OB is the distance from the neutral 
axis to the tension side of the beam to some scale, and for a rectangular cross-section the area 
OCB would represent the total tensile stress in the beam at that section. But since the total 
tensile must equal the total compressive stress in simple bending, the area cut off from the 
indefinite compression strain diagram OE by the line marking the position of the com- 
pressed side, AD, must be just equal to the area OCB, or OAD = OCB. This condition 
fixes the position of that side of the beam, AD, to the same scale as obtains for the distance 
OB, and hence ABZ represents the total height of the beam, and the scale of the drawing 
is determined. The point O is then the position of the neutral axis at rupture, and the 
ordinates to the lines OC and OD from the axis AB represent the tensile and compressive 
stresses across the section. 

The moment of resistance is the moment of the couple formed by these equal and oppo- 
site stresses, when concentrated at the centres of gravity of their respective areas, which moment 
of resistance should equal the bending moment of the external forces at rupture. The fact 
that this moment, so computed, is not equal to the breaking moment in the case of cast- 
iron can be attributed only to the existence in cast-iron of high 
internal stresses, due to the fact that the external surfaces are 
solidified first. These outer fibres are all in a state of initial 
compression, which must first be overcome on the tension side 
of a cast-iron beam before these fibres begin to resist any 
tensile distortion. In the case of a wooden beam the action 
is the direct reverse of the above. Timber is much stronger in 
tension than in compression ; hence a wooden beam fails first on 
the compression side by breaking down the fibres, which results 
in a continual lowering of the neutral axis, as the load increases, 
until the beam finally ruptures on the tension side and the 
failure is complete. Fig. 177 shows a common method of fail- Fic. 177, 
ure of green timber where the tensile stress at rupture AD is about five times the com- 
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pressive stress CB. In dry timber the compressive strength is. greatly increased and the 
neutral axis remains nearer the centre of the beam. When the complete tensile and com- 
pressive strain diagrams of any material are known the moment of resistance of a beam 
of that material can be found as here described. 

125. Rational Equations for the Moment of Resistance of a Beam at Rupture.— 
Since a strain diagram is a smooth curve, it would seem possible to obtain some simple equa- 
tion for such a locus and then proceed to find the enclosed areas and the moment of the 
couple in terms of the co-ordinates of these curves. M. Saint-Venant, in his notes on 
Navier’s “ La Résistance des Corps Solides,” has offered such equations which prove to be capa- 
ble of expressing the strength of a beam at rupture very closely. Thus when the strain 
diagram is fitted to the section of a beam, as shown in Fig. 178, 

Let 7/, = tensile strength = length of tension ordinate where 

curve becomes horizontal ; 

J. = same in compression ; 

J; = distance from neutral axis to tension side, if failure 
occurs in tension ; 

J- = distance from neutral axis to the fibre which would 
have stress f, (beyond the limits of the beam if 
failure occurs in tension) ; 

J = stress in fibre distant y from neutral axis in tension 
side ; | 

f’ = same at distance y’ in compressive side. | 

Now since nearly all bodies distort or flow somewhat undera_ | 

| 
| 
| 


constant load at the point of rupture, whether in tension or com- 
pression, the strain diagram would be horizontal at this point. 
Also, as soon as this point is reached, failure is sure to occur under 
a constant loading. Therefore the strain diagram representing 
the distribution of the stress on the side which fails may be sup- 
posed to come into a horizontal position at the outer fibre on 
that side. On the other side it comes into a horizontal position 
at a point beyond the limits of the beam. Thus both of these curves may be fairly repre- 
sented by parabolas of various degrees, all having the vertices at.the point of greatest stress 
and passing through the origin. 
Saint-Venant proposes, therefore, the following equations for these curves: 


faflr—(1-2)] and f=r[1-(1-2)'], Puts soa). (CF) 


The first of these equations is for the tension and the second for the compression side of the 
beam. The form of thesecurves for different values 
of mw is shown in Fig. 179, where they are drawn 
only for the failing side of the beam. When 


Fic. 178. 


A 

=| 2 m= 1 we have f= fey which is a linear function, 

al a It 

3| % and corresponds to the ordinary equations within 

= ; Se . . . 

2 | = the elastic limit. The value of #z must be selected 

of B so as to make the curve correspond as nearly as 
gat e! possible to the strain diagram of the material, and 

Bet 10: may be different for the two kinds of stress. 


Whenever the strength of the material is very much greater in one way than in 
the other, as in cast-iron, where the compressive strength is some five times what it is in 
? 
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tension, and in timber, where the reverse holds true, the neutral axis shifts at- rupture very 
far towards the stronger side, as shown in Figs. 177 and 178, and the portion of the strain 
diagram utilized on this side becomes practically a straight line. In this case the formula 
expressing moment of resistance is very much simplified, becoming 


(m +- 3) 3 *% 
z Soh? - ce o ea V- - :) 


6 m+3+2V2(m-+ 1) 


Here fis the ultimate strength of the material on the side which fails first, as tension in 
the case of cast-iron and compression in the case of timber. For different qualities of 
cast-iron, for instance, the tension strain diagrams would point to some one of the various 
curves shown in Fig. 180, thus indicating what value of m to use in eq. (3). It will be seen 
that m increases as the material becomes more ductile, and the neutral axis moves farther 


M, 


Fic. 180, 


and farther towards the compressed side of the beam when the elastic limit in compression is 
; , bh’ 
relatively high. When m= 1 we have M, = os which holds true within the elastic limit 


for all materials. The following table + gives values of the moment of resistance for various 


Dist. of Neutr. Axis from Ratio of Fibre Stresson | Moment of Resistance at Rupture 


Value of . ap ee Stronger Side to that on in terms of th k 
the wack onside he Weaker Side at Rupture, strength Soe vi 
2 
I 0.500 1.000 1.000 X fore 
6 
2 +550 1.633 een = 
3 586 2.121 1.654. <¢ 
4 .613 2.530 T.S1Oy 2° 
5 .634 2.887 1.02 2c 
6 -655 3.207 21007) ct 
7 $ = .667 3 = 3.500 S$ 2.074  “ 
a I.000 ee) 3.000 “ce 


* From Saint-Venant’s Navier, 151, p. 182, edition of 1864, Paris. The equation giving moment of resist- 
ance for the general case, from which this is derived, is given on p. 179, but is too complicated to be reproduced here 
+ Saint-Venant’s Navier, Paris, 1864, p. 182. t 
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values of m, and also the position of the neutral axis and the ratio of the fibre stresses on the 
two sides of the beam at the time of rupture, when the stress varies uniformly from the 
neutral axis outward on the stronger side, as in Fig. 180. 

The value of m for cast-iron varies from 3 to 7, depending on the toughness or ductility 
of the iron, f being taken as the tensile strength of the metal. For timber / would be taken 
as the compressive strength, and # taken as 4 or 5. 


th 
When the common formula JZ, ==, or for solid rectangular sections 7, = a font, is used 


for the ultimate strength of a beam, f becomes the “modulus of rupture in cross-breaking,” 
and its value always lies intermediate between the two moduli in tension and compression. 
In timber it is nearly an arithmetic mean of these two moduli, while for cast-iron it is from 
14 to 2 times the tension modulus. 


For practical purposes it is just as well to use the ordinary equation J/, =f up to rup- 


1 
ture, remembering that fin this case becomes the modulus of rupture in cross-breaking, and 
its value must be determined by cross-breaking tests. The true theory of the ultimate 
strength of a beam has been given here, in order that the student may not conclude that 
theory is unable to cope with this problem, as is commonly supposed, and because it is not 
given in English and American works on applied mechanics. 

126. To find the Moment of Inertia of a Section composed of Rectangles.—The 
moment of resistance of an irregular cross-section in terms of the stress in the extreme fibre 
can only be found by first finding the centre of gravity of the section which is always 
traversed by the neutral axis until after the elastic limit is passed, and the moment of inertia 
of the section about this neutral axis. When the section can be ee 
supposed to be made up of a series of rectangles the centre of 
gravity and moment of inertia can best be found as follows: 

In Fig. 181, the moment of inertia of the rectangle about 
its own centre of gravity axis OO’ is I, = 7y bh® = Jy0(v — y) 7 v a 
Its moment of inertia about any other axis, as aa’ parallel to anes 


OO" is 


pantad = Ly — yy Hv — (CEP) = ery) 


Also the statical moment of the area about the axis aa’ is 
Y ipa 
M, = Ad = Oy ee = rae — 7). ° o e@ e© e@ @ cy ° (5) 


In a compound form, made up of rectangles, as in 
Fig. 182, the total area is the sum of the areas of the 
several rectangles; the total statical moment about aa’ is 
the sum of the partial moments; and the total moment 
of inertia about aa’ is the sum of the partial moments of 
inertia about this axis, or we may write 


Misa pe i de 2, 
The most convenient method of computing these 
Fie. 182. values is by arranging the computation in tabular form as 
follows,-where Y represents the larger of two successive values of y. 
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Sj <A = — My = a Ife e 
We now have for the distance to centre of gravity axis, D = a Also, the moment of 


inertia about the neutral axis = 4, = 7, — AD* = I, — M.D, where M, is the gravity moment 
of the area about the axis a. 
The moment of resistance of the cross-section is 


u, Lh, 

a3 
where fis the stress on the extreme fibre which is at a distance y, from the neutral axis, either 
side being taken. 

127. To find the Centre of Gravity and the Moment of Inertia of any Irregular 
Section. 

The following graphical method consists essentially in the measurement, in most cases, 
of a single area easily constructed, and with the aid of a planimeter is very rapid and accurate. 
The problem will be treated in two parts : 

Ist. T’o find the moment of inertia about any given axis. 

2d. To find the gravity axis and the moment of inertia about that axis. 

ist. Let it be required, for example, to determine the moment of inertia of the rail 
section, shown in Fig. 183, about any given axis,as AA’. The actual operation would be as 
follows: 

For the upper portion of the figure draw any line OB, perpendicular to 4A’, and, at some 
whole number of units 4, from AA’, draw the parallel BC. Draw also any number of lines 
through the given area parallel to 4A’, as Lp, kb, Jc, etc., spacing them closer where the outline 
is irregular than where regular, and lay off Bi’! = O1, B2' = 02; B3' = 03, sete. ‘Then eter 
any point @, draw dq’ intersecting BC in m; then Om, thus determining a point @” on 4d. 
In like manner find points e”, £’, etc., corresponding to e, f, etc., and join the new system of 
points by a smooth curve. The oblique construction lines need not of course be actually 
drawn, the required intersections only being marked. The new curve for the lower portion 
is likewise constructed, using a line B/C’, at a distance k, below AA’ in place of BC. 

Then if A” represent the total area of our new figure above and below, and J. the 
required moment of inertia, we shall have : 

l= fA 

Demonstration —The general expression for moment of inertia about an axis 4/4’ is 


L= Soars, 
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where 6 = length of strip parallel to 4A’, dy its width, and y its distance from the axis. If & 
is a constant, we may write 


Lak f (02 \ayy. ipeigies ss ee on et cee ah) 


= # f'(o2)ay. ALE CSiiereULe or octet re sicagele) 


Fic. 184. 


Fic. 183. 


Referring now to Fig. 184, let md’ be drawn parallel to OB and then Of through @’, 
Then, since 04 = B4’ and Bu=4d'=U', we have Bp=4d=0. Therefore, by similar triangles, 


2 
= oF The above construction being carried out as in Fig. 183. 


for each horizontal strip, we have, by substituting in (2), 
i,=# ye b!'dy 


— RA”, OnED: 


Multiplying, we get bY” 
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If OB can be made a line of symmetry, it will be necessaiy to construct but one-half of 
the new curve; also, & should be made of such a length as to give a fair-sized area to measure 
and at the same time good intersections: 

2d. This problem can usually be reduced to the first by determining the centre of gravity 
from considerations of symmetry, or by cutting out the section from thick paper and balanc- 
ing -n @ knife-edge. Where this cannot readily be done, as in the case of disconnected parts, 
we may proceed thus: 

Assume an axis AA’, Fig. 185, parallel to the unknown gravity axis, and construct the 
area A” as before; also at the same time project the points m, u, p, etc., upon their corre- 
sponding horizontal lines, thus fixing points c’, d’, e’, etc. Join these also by a smooth 
curve, and let A,’ be that part of the area of 
this new figure above the axis, and A,’ the 
lower portion. Only the upper right-hand 
portion is shown in Fig. 185, but the given 
area may be of any shape, and the line OB 
drawn anywhere. As before, we shall have 
l,=FA". lf now: A, representsthe toca 
original area, we have, by taking moments 
about AJ’, 


Distance of centre of gravity above AA’ = d, 


From: (3)20>— oe, and considering y 
y 


negative below the axis, f” Casa A/a 
Substituting in (4), we then have 


A/—Aj 
i = ee Oi. 1) “eso, Miow | to orm | hl Blog femme eme (5) 


ab == Je 


/, being the required moment of inertia about a gravity axis, we have 


eA 


2 ’) Age ey ae ; | 
a | 4 a (ae see) 4| 
pe SBN a (ae = Zn); 
=e] ar SS), 


in which the areas to be measured are, A, the given area, and A’ (A,’ and A,’) and A”, the 
two “constructed ” areas. 

If desired, the area A’ may be first constructed and the centre of gravity located by eq. (5) 
then a new axis taken through it and /, determined as in the first case. This construction 
then gives us a method for finding the centre of gravity of a figure without considering the 
other part of the problem. 

Considered as a section through a loaded beam, it is interesting to note that if we make 
& equal to the distance to one extreme fibre, taking a gravity axis, our area A’ will be such 
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that if a uniform stress of the same intensity as that upon this outer fibre were applied, t 
resulting moment would be the same as that upon the section. This relation is fully discussed 
and used to some advantage in finding moments of inertia in Sir Benjamin Baker’s “ Strength 
of Beams,” the above method being in the main an extension and simplification of the one 
there given. 

128. General Relation between Shear and Bending Moment in Beams.—The shear 
is the summation of all the components of the external forces on one side of the section taken 
parallel to that section. The bending moment is the sum of the moments of all the external 
forces on one side of the section about the centre of gravity of the section. There follows at 
once from these this 

PROPOSITION: The bending moment at any section of a beam or truss ts equal to the bend- 
ing moment at any other section of the beam or truss plus the shear at that section into wts'arm, 
plus the products of all the intervening external forces into their respective arms. 

P Thus in Fig. 186 we have 


Moe Boe TL Ef se | Gates ROY Need a Peat 8 GK (6) 
If these sections be taken very near together, and the interven- 


ing load omitted, so that in eq. (6) a= dx and P= 0, then 
Sx M44 becomes M,42,, and we have 


Fic. 186. TO Gp NG vs Sax or Mesa, — M, = Sax. 
But M44: —M,= 4M; therefore we have 


M 
EN tS et Of tS se) oe on eee 


that is to say, the shear at any section is the first differential coefficient of the bending moment 


at that section. If the bending moment is constant, therefore, the shear must be zero, and, 


: aM 
vice versa, when the shear is zero the bending moment Is constant. But when Se = o the 


bending moment is either a maximum or a minimum; therefore when the bending moment 
passes through a maximum or a minimum the shear is zero, and also when the shear becomes 
zero the bending moment is either a maximum or a minimum. A knowledge of this relation 
can often be used with advantage in the analysis of trusses. 

129. The Deflection of Beams.—Let Fig. 187 represent a portion of a bent beam one 
unit in length. The sections which were parallel and normal before bending would now meet 


if extended. From similar triangles we have 


Cala! 
mas 
unit stress _ Te th F 
But = Unit strain é LT aed hy 
I 
tf M,), . us My, 
also 9) ag = Ota GE. hence € = ET? 
and we have 
Peetu; : 
- — Seyi . . ° ° ° . ° ° (8) Fic. 187, 


In the case of the deflection of beams the 


MODERN FRAMED STRUCTURES. 


MOMENTS, STRESSES, AND DEFLECTION OF BEAMS. 


Maximum 
; Equation of Elastic Line, Maximum Deflection in eee Eee 
The Beam and its Load with Moment Equation and and Maximum Deflection in | terms of Stress on Ex- tefmstchine 
the Moment and Shear Maximum Moment, terms of the Loading. treme Fibre of Sym- Loading. Sym- 
Diagrams, Mz and Mmaa. y and A,y, cargo metrical Sec- 
tions. 
My = — Px YS ey — 30?x + x3] 
vas 627 
M 
3 
ei eel Mmaz, = — Pl = ee. 2ft? (es Pth 
321 3Lh eran 
(aE 
Fic. 188. 
px? p 
M; = = —— = Oryx 4 
x : y ye 4l®x +- 324] 
ae bee 
fe 4 
Max. = — oe Al ss Sy = EE t= pak 
2 BET Te trys 
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Fic. 189, 
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—y4 
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ee aes Vi ee Plh 
4827 i 6ER = or 
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y oabT 2lx? + x3] 
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= se 4; = 5 Us = pPh 
38427 24 Eh = 7 
A aa 
P2ox 7) 
= YE DY tyre) 
Rae Way ate 
£8 Soe a 
ny 
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zn | "] ~ LS 
Q 
ate P29 i/3\ 2,(224- Sean > = 
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MOMENTS, STRESSES, AND DEFLECTION OF BEAMS. 


Maximum 
Stress on Ex- 


fi ; ‘ Equation of Elastic Line Maximum Deflection in : : 
The Beam and its Load with Moment Equation and and Maximum Deflection in terms of Stress on Ex- ier tee ate 
the Moment and Shear Maximum Moment. terms of the Loading. treme Fibre of Sym-  |1 Gagine Sym- 
Diagrams. Mex and Mmaz. y and A,,. eS Sections. nae thicnliSecs 
Sie tions. 
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IEES Ws 
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Mawes 
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My = Ril —4)— Plea — 0)* > | ‘ 
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y= [Ain — 3Rik? S “ 
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= a P Up ee P 3 HON Se 
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i &p/ 
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f 4 4= 0.0054 FF 4fs= Eh iS 167 
Y MM, — be? 
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I aa 
yecall diaz 5 hence ~ —— =, and we 


have, since the bending moment, %, is always equa! to the moment of Bien M,, 
3 


deviation from a horizontal line is so small that we ma 


1 .M a*y 


— =F ae ee a reales ee AG) 


which are the fundamental equations in the deflection of beams. 


2 


: ; ‘ se r 
From the differential equation 7a = igi we can, by giving to J its value in terms of 4, 


ay ; ; é 
and integrating once, obtain Fie the angle the beam makes with the horizontal. By 


integrating again we obtain y, the vertical deflection of the beam at any point from its normal 
rand 
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position. The modulus of elasticity E and the moment of inertia 7 are usually constaat. 
The latter may be made to vary as some function of x, and the integration made with J 
variable. These problems are worked out in detail in books on applied mechanics, and only 
a summary will be given here of the results for the more ordinary cases. In solid beams and 
in plate girders the deflection due to shear is neglected, though it doubtless is something 
appreciable. These equations do not apply to framed structures, since no account is taken of 
the deflection due to strains in the web system, which in ordinary bridges is nearly equal to 
that from the chords. (See Chap. XV.) 

130. The Distribution of Shearing Stress in a Beam.—It is proved in mechanics 
that wherever a shearing stress acts along any plane in an elastic solid, there is another shear- 
ing stress of the same intensity at that point acting on another plane at right angles to the 
first. Also, that the effect of these two equal shearing stresses at right angles to each other 
is to produce two direct stresses, of the same intensity, also at right angles to each other, and 
at angles of 45° with the former planes, one of these direct stresses being tension and the 
other compression, as shown in Fig. 196. 

The general equation showing the value of the intensity of the shearing stress at any 
point in the cross-section of a beam of any form is 


aes S$ I % 
q aay 7 i yb ay, . ° ° e e ° e e e e . (10) 


where g’ = intensity of shearing stress on any plane; 

S = total shearing stress on the section; 

/ = moment of inertia of the section about its neutral axis; 
‘ = breadth of section where shearing stress = as 

y’ = distance of the plane where shearing stress is g, from the neutral axis of the sec- 

tion ; 
y, = distance of extreme fibre on that side of the neutral axis, from that axis; 
6 = breadth of section at distance y from neutral axis. 


Whence it follows that the integral JO ybay is the statical moment of the area outside 
af 


the longitudinal plane on which the shearing stress is taken, about the neutral axis of the 
beam. We may therefore define thé intensity of the shearing stress as follows: 

The intensity of the shearing stress at any point in a beam of solid section of whatever jorm 
2s equal to the total shearing force on the entire cross section multiplied by the statical moment of 
the area of the section outside the longitudinal plane of shear in question about tts axts in the 


neutral plane, divided by the product of the amount cf inertia of the entire section into the 
breadth of the section at that point. 


From this there may be deduced the following relations for special cases: For solid 
rectangular sections the intensity of the shear is zero at the top and bottom sides of the beam, 
and increases towards the centre as the ordinates to a parabola having its axis coincident with 
the neutral axis of the beam. Hence the maximum shearing stress is found at the centre of 
the section, where its value is 3 of the mean intensity, or the shear at the centre of a solid 


S Sa : : : 
rectangular beam is =, as shown in Fig. 196. If this beam is subjected to a uniform load 


the total shear is zero at the centre and increases uniformly to the ends. The total shear at 
any section, as S,, S,, S,, etc., is shown on the lower diagram as the length of the correspond- 
ing vertical ordinate. In the upper figure this same total shear appears as the area of the 
parabola drawn at that section, horizontal ordinates to which represent the shear, at the 


* Rankine’s Applied Mechanics, § 309, eq. (1). * 
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corresponding point, on a surface one unit long, having the breadth of the beam, this surface 
being either vertical or horizontal, and normal to the plane of the paper. Since the middle 
ordinate to a parabola at its vertex is 
3 the mean ordinate, it follows that 
aot 
eats es ace (11) 


This may be derived from equation 
(10) directly, by taking 4 constant for a 


rectangular section, whence we have $1 Se Ss 
6S 3 
oo Dy ey BN ges nea a 
Ge WA Oe wy ) 2 Aw (12) Fic. 196. 


for yO; and y= ah 


For a plate girder, eq. (10) gives directly the shearing stress at any point. In the girder 
shown in Fig. 197, let the web be @ in. thick and 48 in. high, while the flanges are ? in. thick 


Uniformly Loaded 


Fic. 197. 


and 12 in. wide. Then the neutral axis lies at the centre of the girder, the area of one flange 
is g sq. in., and its statical moment about the neutral axis is 219.4 inch-pounds. The moment 
of inertia of the entire cross-section is 15,456. Whence we have for the intensity of the shear- 


Ry eee : 219.4 
ing stress at the inner planes of the flanges, g, = ap yCay s( 2 ) =10.00LES.5 


7 Tee 
: 219.4 : 
per sq. in., while in the outer sides of the web we have g,= S rer RTC = 0.03785 persq. im. 
is. ye ey fee 22 aa 
The intensity of stress at the neutral axis is 9, = ad (y bay) = sl y rt) ="0.0505.5 


per sq. in. ae 
These three intensities of shearing stress are indicated in the “intensity shear diagram 
in Fig. 197, plotted to the left of the plane of shear. The value of the average shear- 


: S #46. 
ing intensity when the web is assumed to carry it all is g ASHE —'6.05055. Ihis isvso 


near the value of g,, the true maximuin shearing stress, that the ordinary assumptions of 
web taking all the shear, and thus being uniformly distributed over the web, are seen to be 
justified. 

By taking gd as the total shearing stress on the lamina ddy, we may construct the total 
shear diagram for this plane, as plotted to the right of the plane of shear in Fig. 197. In this 
diagram the total shear in a horizontal plane is seen to be the same on the interior sides of the 
flanges and on the outer edges of the web, and the area of the diagram represents the total 


shear, S, on the section. 
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It is important to note that since the shearing stress is nearly constant across the section 
the resulting direct stresses in the web, which are of equal intensity with the shearing stress, 
are also nearly uniform in amount across this section, not varying from zero at the top and 
bottom fibres to 3 the mean at the centre, as in the case with plane rectangular sections. 

If the beam be loaded at the centre, or with two concentrated loads, as in the case of a 
railway bridge floor-beam, then the shear is constant on the outer ends of the beam, and hence 
over this portion the web is subjected to nearly equal shearing and direct stresses. The com- 
pressive stresses, acting at 45° with the vertical, and in a direction downwards towards the 
end supports, tend to buckle the web plate. Taking a 
strip aa’, Fig. 198, the intensity of the compressive load at 
the ends of this strip in pounds per square inch, if the 
dimensions of the cross-section be the same as taken above, 
would be 0.0378, while at the centre it would be 0.05655. 
If there were no tensile stress at right angles to this strip, 
tending to hold it into its true plane, the strip should be 

Pe Saoe: dimensioned in thickness to carry this unit load 0.038S as 
a load on a column of that length, which is 1.4 4. 

This kind of analysis would give an extravagant thickness of metal. Just what the 
restraining influence of the tensile stress is cannot be determined theoretically, and no ade- 
quate experiments have ever been made to show it empirically. 

Aside from the strengthening influence of the tensile stress in the web it is common to 
further stiffen it against buckling by riveting angle-irons on the web in a vertical position, as 
shown on the left end of the beam in Fig. 199. On the right end these “ stiffeners’ are 


FIG. Igg. 


placed in an inclined position, directly opposed to the compressive, or buckling, stresses. In 
this position they are much more efficient in resisting the only strains in the web which are at 
all likely to cause failure, and in deep girders they might be placed in this position.* 


CONTINUOUS GIRDERS. 


131. The Continuous Girder is very seldom employed in this country except in swing 
bridges. The greatest objection to its use is the uncertainty in the stresses resulting either 
from a settlement in the supports or the impossibility of making these fit exactly to the nor- 
mal or unstrained profile of the girder. A great deal of literature can be found in standard 
works on this subject, the original contributions of greatest value being Clapeyron’s Theorem 
of Three Moments (1857), Weyrauch’s adaptation to concentrated loads and unequal spans 
(1873), and Merriman’s simplification of the same (1875). 

In Fig. 200 (a) and (4) two consecutive spans are taken from a series of an indefinite 
number, these two being loaded uniformly in the one case with the unit loads g,_, and pr, and 


Mr-1 Mr Pr Mr+1 


Fic. 200. 


, . . . SL = SE 
* See a full discussion of this question by the author in Engineering News of April 25, 1895 (Vol. XXXIII, p. 276). 
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in the other with the two concentrated loads P,_, and P., respectively. Then from the 
Proposition in Art. 128, and eq. (6), we may write at once, for the moment at any section in the 
(y — 1)th span, distant x from the left support, 


LULL a) Ee aCe ee are a eee me ame ee 
For a concentrated load P,_, distant a = £/,_, from the left support we have 
Lee tg at Sp tre PP. (Biel. 2) ais ket 34 Maat (13a) 


For more than one load in the span the sign of summation is inserted before the term in 

2 

P,_,. From these equations, and the general differential equation of the elastic curve, oe 
Os 


M : a 
= py < May integrate once and find - = tan z at each end of the ( — 1)th span, by mak- 


ing #=oandthenx=4J/,_,. By changing the subscripts these results would also apply to 
the 7th span, in which case the tan, for x = 0 would equal the tan,_, forz =4_, By equat- 
ing these two values of tanz we obtain for uniform loads 


SU bel ae 2M At, -1 ate d,) ate M, 4b, a Opals ae), a wd ig (14) 
while for concentrated loads in these spans we have 
Me boss aa 207, 3: cig /,) ap Mast, ee il ales (Re aoa hk’) on Pot PACT 2 ae 3h Se R’), (14a) 


no allowance being made for any settlement of supports. (See p. 142 for derivation of eq. 14a.) 

These are two general forms of Clapeyron’s famous Equation of Three Moments, first pub- 
lished in “Comptes Rendus,”’ Dec. 1857. The forms here given are due first to Weyrauch, 
Leipzig, 1873, and to Merriman, Pil. Mag., 1875. 

When the spans are all equal and load uniform over the whole bridge, the equations 
become very much simplified, and are as follows: 

M, + 4M, + M, 
See at eek feces ey Os 
= M,_,+4M,_,+M,, J 

When the entire series of equations of three successive moments are written for any- 
series of spans, the number of these is always two less than the number of supports, or than 
the whole number of J/’s found in the equations. But the end J/’s are always zero, which 
makes the number of unknowns equal to the number of equations, and hence all the inter- 
mediate M’s can be found. The algebraic reduction is somewhat tedious and will not be 
given here. After the J/’s are all obtained, the shears can be found by means of eq. (13), or 
(13a), and hence the supporting forces. 

Having found all the external forces acting upon the beam, the moment and shear at any 
section can be found by the ordinary methods as readily as for a simple beam on two sup- 
ports. The great value of “the equation of the three moments ”’ consists in its enabling us 
to find the supporting forces. 

The following formule apply only to beams and trusses having a uniform moment of inertia 
spans all of equal length, and when no settlement occurs at the supports.* 


I. BENDING MOMENTS AT THE SUPPORTS. 


(A) For Uniform Load over the rth Span, Spans all Equal,— The moment at the 
Mth support, counting from the left, for any number of spans wholly loaded with the uniform 


* This condition is usually stated as ‘supports on a level.” This is very misleading, as the formule do apply to 
supports out of level, provided they are fitted to the profile of the beam or truss in its normal unstrained condition. 
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load p per foot, the subscripts 7 applying to all loaded spans, being the whole number of 
spans, 


(cc Si \a out 2G hee oe EG) 
Ge 2 + erent + Beverte t Soon 
(For loaded spans on left.) (For loaded spans on right.) 
(B) For Concentrated Loads in the rth Stan, Spans all Equal.— The moment at 
the mth support, for loads P, at distances a = &/ from left of the 7th span or spans, when total 
number of spans = 2%, all equal, is 


M,=— 


M,, —— [ B12P 26 a, 3h + Rye, os 2P(k a Rona Caines 


(For loaded spans on left of #zth support.) 


+ BSP GH— 3b Beyer BPE BMncrsshen (17) 


(For loaded spans on right of #th support.) 


Cn-1 35 AC, 


If both uniform and concentrated loads are found upon the same span, then both formule 
must be used. When more than one span is loaded, the data must be worked out for each, 
and the sum taken, as indicated by the primary signs of summation. The secondary summa- 
tion signs for concentrated loads signify the summation for the several joints or concentrated 


loads. 
The following values are to be used for the ¢ coefficients: 


—— O eo= — 56 ¢, = — 10,864 

&£—=+ 1 ¢é=-+ 209 Cy = + 40,545 

6.=— 4 ¢ = — 1780 ¢.\ ==. 151,316 

6.= +15 6 = + 2,911 Cy = + 564,719 
following the law that ¢,, = — 44-1 — Cm-2 


& Fic. 201. 


Since the concentrated load is usually at a panel point, if there were five panels in the 
loaded span, & would be 4, 2, 3, and 4, for loads at the first, second, third, and fourth panel points, 
respectively. The annexed table of the values of the two terms in &, viz., (k — &) and 
(24 — 3k" + &°), has been compiled for a more ready computation of these quantities. They 
are computed for the aliquot parts of a span-length, or for the joints of a truss of equal panel 
lengths, for all numbers of panels up to twelve. 

When we have but two equal spans, as is commonly assumed to be the case in swing 
bridges, equations (16) and (17) reduce to the following: 


2 


: l 
(C) Two Equal Spans, Uniform Load.—M, = ~© for full load on either span; or 
when both spans are fully loaded, 


2. pale a . ° se OS € e ® . © (18) 


(D) Two Equal Spans, Concentrated Loads. 


i 
M, = — (SP — #) + 3P2k— 3# +8). i nating Rae 


(For left span.) (For right span.) 


FUNDAMENTAL RELATIONS IN THE THEORY OF BEAMS. 139 


VALUES OF (& — k*) AND OF (2k — 3h? + £') AT PANEL POINTS.* 


Two Panels. Six Panels. Nine Panels. Eleven Panels. 
aol! @ 
k=G kB bas k— B ae k— kat k— 
If 
$ B15. $ t .162 5 1 110 3 at 090 H 
fs 2 296 e z 211 5 2 176 
Real og +375 é 3 -296 $ | * 253 x 
2k— 3h + 8/2 =o) 4 .370 g 4 -356 3 4 -316 1: 
a) a 255 4 8 384 3 is 6 
2 G 8 at -301 tr 
Sain Gee eae oem ees | 
Three Panels. ey? 3 G48 : : ae eA) 
2k — 3k? + 23 | p =5 8 -186 % 4s +343 ir 
; ; ; — +7 +271 tr 
a eared ey art a gl pee po “ee 1 
Seven Panels. Zieh thee Fi i 
t .296 # a damm A = 
2 .370 $ R =F k— Ten Panels. 
ica eal Twel 1 
2k — 3h? + kh) & =F a .140 $ |4 =F a thor Sass 
x 263 Y; , 
: 1350 i ames Fe 
Four Panels. g or i 1 a to 
ee tei ee ee ee wer... 
+ PP) va 0 273 Io - 082 43 
Rae hk — k — to +336 19 a 162 18 
7 5 5 12 12 
5 F a\ 10 "375 if ve +234 12 
2k — 3h? + 2 | & =i te +384 10 4 .296 g 
4 1234 g 10 357 io iF ve 
: ‘ =e 288 fs Tz +344 Tz 
Fe oe a ’ to 17I +5 +fs 375 as 
§ 32 + Eight Panels. ms te -385 12 
ss 3 1 or) As) 
ee eagle 32 
Bh Beal ean |, AAP fiw ar ec Aslan td Bs 
3 + FB) zk ; 7 Z| 49 255 TZ 
ea +2 146 12 
5 ——— 
Five Panels. : a : P 
a Y R 2 3 
3 3 2k — 34°? + 2) f= 
a 3 322 8 Z 
ges hk — BB = 375 z a 
7 3 381 a re 
§ 328 8 > 
4 L192 $ 8 eo ‘ 
p] oe || ome 
5 2 
' a 
2k — 3h? + Bk 3 


Ne 
(E) For a Uniform Load over the Entire Girder, Spans all Equal—FEquation (16) now 


reduces to 


eee Et es 


e e e e ° ce 2 
Be. 12 


This formula is evaluated in the following diagram for all supports for girders of nine 


spans or less. 


* Condensed from Prof. Malverd A. Howe’s ‘‘ Theory of the Continuous Girder,” where the student will find the 
most extended theoretical treatment of the continuous girder in the English language. 
+ This and the following equation, (21), are taken from Du Bois’ ‘‘ Framed Structures,”’ with some change of form, 
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MOMENTS AT SUPPORTS; TOTAL UNIFORM LOAD; SPANS ALL EQUAL. 
COEFFICIENTS OF (— #é’). 
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In general it may be said that the moments at the supports next to the ends are always 
the greatest, and are there about ;4f/’; that they are least at the third supports from the 
ends, where they are about ,/?; and near the centre they are nearly uniform at about ;5p/°. 


II. SHEARS AT THE LEFT ENDS OF THE SPANS. 


Having found the moments at all the supports for the particular loading in question, it 
remains to find the shears on the left ends of each span, when the stresses in all the members 
are readily computed. To find these shears, make x = Z,_, in eqs. (13) and (13a), when they 
become 


M, = Bie = Sele caer DD bees 


for a uniform load over the (7 — 1)th span, and 
M, = VM, = Sptheay are: ZF tad — k) 


for a series of concentrated loads in the (r — 1)th span; whence, for the shear at the left end 
of the 7th span, or at the right of the 7th support, 


M, Ian M, 
Ss — ae ie + spl, . e ° ° e e e 2 r) e (21) 


as the shear at the left end of any span which is uniformly loaded, and 


MMs a A, 


SS Z, =f OED = (6)s) lie cee (21a) 


as the shear at the left end of any span carrying concentrated loads. 
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For unloaded spans the second terms in the right members become zero. 

Evidently the shear at the right end of any span is that on the left end minus the inter- 
vening load. 

The following gives the shears on each side of the supports for the case of uniform load 
over the entire girder. The supporting force is the sum of the two shears at that support. 


SHEARS AT SUPPORTS; TOTAL UNIFORM LOAD; SPANS ALL EQUAL. 
COEFFICIENTS OF (w/). 
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III. COMPUTATION OF STRESSES IN THE MEMBERS. 


From the moments at the supports and the shear on the right of each support all the 
stresses are readily found. Thus for any section distant x from the left end of the mth span, 


we, have, from eqs. (13) and (132), 
: WE ess I iat Sig Ln) am wo Sal Wa We eV 3) oe Muemarer Been 22) 
for a uniform load in this span, and / 
Nie, So SP, (2 = 5a eta gre ae amet FY) 
for concentrated loads in the mth panel « 


If there are no loads in this span, then the last term disappears from each equation. 
Also, for shear at any section distant x from the left end of the mth span, we have 


re) = Se ay pee? ee OP ry Me Ch ete er ee (23) 
for uniform load, and 
Ye) => Si Lae =P ° ° ° e ° ° ° ° e ° . (23a) 
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for intervening concentrated loads. Or in other words, the shear at any section is equal to 
the shear at any other section minus the intervening external forces. 
Having the moments and shears at any section, the stresses in the members are readily 
found. 
Derivation of Formula (142). 


The following derivation of formula (14a) is given rather than that of (14), as it is the one 
commonly used with trussed bridges. The method would be the same for (14). 

Using Fig. 200 (6) and the notation there given, and calling positive shear upward on the 
left, and moment producing convexity upward as positive, we may write: 


M, — M, I 
ee (24) 


/, 
Taking the right-hand span, the moment at any section distant x from the left-hand support is 
Mo = MM, — SA EL 2), 
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ay I 
are 2h 
where 4 = tanz at the 7th support. Integrating again, 


ye appa = Stl Pls — a)" ta (Cle) 


where /, = settlement or displacement of the 7th support. 
If we now make x = /,, y becomes #,,,, or the settlement of the y-+ 1th support. Put- 
ting also a = &/, and for S, its value in (24), we have 


Integrating, 


foM« — Sa + PG = a))-(C=2)) - 7 eee) 


Tey, ey, h, I | 2 2 3 
= z — eps + Mbp — PANG 3h PR). soe ees) 
To find ¢,,,, or tanz, at the y + rth support, evaluate (26) for x =Z,, substitute values of 
a = kland of S, from (24), and for ¢, its value from (28), and obtain 


(2) wnat 
Vi ee a re Z 


r 


is I F 5 
6] [4Z,/, oR 2M, 41, ity Pd, (& he )I- o. BeaPa) (29) 


If we now reduce all these subscripts by unity, this equation will express the tan z at the 
rth support, or ¢,, in terms of JZ7,_,, P,_,, and 4,_,, and the movements of the 7 — Ith and the 
rth supports, this equation then becoming 

h, ie hy, IT 2 3 
i= 7 4 6p hb +21 — Peshe, (h —h sao) 


Pomak 


Subtracting (28) from (30), we eliminate ¢, and obtain a relation between the moments at 
three consecutive supports and their intervening loads and spans, which is the Theorem ot 
Three Moments: 


VE ely =e 2M Ab a= £) =F Mat, z 
Niy+s at h, h, ae Loe 3 2 
=6E1( 7 a aa Z = } ER Ee, = k ) ae foes (2k rae 3h aS Rk’). (31) 


“a tie 


Since this equation was obtained on the assumption that the bending moment was posi- 
tive when producing convexity upward, whereas the reverse is assumed in this work, if we will 
change the signs of one member of this equation it becomes Eq. (14a), p. 137. 

The first term of the right member of Eq. (31) takes care of all relative settlement of the 
three supports involved in the equation. This term has been omitted in Eqs. (14) and (14a), 
and the supports assumed to be fixed. This unequal settlement of supports should prevent the 
use of continuous girders except on absolutely fixed (rock) foundations. There is no necessity, 
however, for these supports to be “on a level,” as is commonly stated in the text-books. 


Norre.—For a complete discussion of the theory of the continuous girder with varying spans and moments of 
inertia, see “‘ The Theory of the Continuous Girder” (120 pp.), by Prof. Malverd A. Howe, Engineering News Publish- 
ing Co., 188¢, For a complete graphical analysis of the problem, moment of inertia constant, see Prof. Eddy’s ‘‘ Re- 
searches in Graphical Statics,” Van Nostrand, 1878; also the same inserted in Prof. Church’s ‘‘ Wechanics of Materials,” 
and in Prof. Burr’s ‘‘ Bridges.” The continuous girder is now so little employed in America that, in the opinion of the 
authors, it is no longer necessary to teach the details of this practice in our engineering schools. ‘ 
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132. Crushing Strength.—Engineering materials, when tested in compression, divide» 
themselves into two very distinct categories: those which fail absolutely by crushing to 
pieces along diagonal planes, and those which merely distort, or flow, under the increasing 
load, and never disintegrate under any pressure, however great. Cast-iron, hard cast-steel, 
stone, brick, cement, and the like are of the former class, while wrought-iron, all grades of 
rolled steel, the alloys, and timber, are of the latter. With this class of materials “ crushing 
strength” should be understand to mean the resistance the substance offers to cold flowing, 
or to permanent distortion under a crushing load. But this point is called the “ elastic limit 
in compression ;” therefore for semi-plastic materials, ke the rolled metals, the elastic limtt ts, 
or should be regarded as, the ultimate strength.* This has sometimes been called the “ crippling 
strength,” but for all practical purposes it should be regarded, in the designing of structures, 
as the “ultimate strength.” 

In all grades of rolled iron and steel the elastic limit in compression is practically 
identical with this limit in tension, and hence the “elastic limit” as found by a tension test of 
the materials may be regarded as the “ultimate strength” of that material in compression. For 
very short columns of such a material, which are perfectly straight, with exact centering in 
the testing machine, and with end bearings which resist lateral movement, as square, hinged, 
or pin ends, it may be possible to place a greater load upon the column, but its length is then 
permanently shortened, and the chances are greatly in favor of its giving way by lateral 
deflection for want of perfect fulfilment of one or more of the conditions named. All 
recorded tests of wrought-iron and steel columns, therefore, which show an “uitimate 
strength” greater than the elastic limit of the material should be considered as abnormal and 
misleading, and should be given no weight in any experimental tests of the correctness of any 
proposed formula, or in the derivation of the constants of a formula to be used for computing 
the strength of columns. 

Unfortunately the elastic limit in column tests has seldom been observed, and notwith- 
standing the great number of tests made of full-sized members, as well as on laboratory 
samples, we are still almost entirely devoid of data from which to derive the constants 
entering into any rational formula for the strength of columns. 


THREE METHODS OF COLUMN FAILURE. 


133. I. By Direct Crushing.—If the column is short, without internal stress, perfectly 
straight, of uniform size and strength, all its filaments having the same modulus of elasticity 
and the same elastic limit, the centre oft gravity of the imposed load coinciding exactly with 
the centre of gravity of the cross-section, then all the longitudinal elements of the column will 
be equally compressed, all will come to their elastic limit at the same amy and all will distort 
alike. This distortion will continue indefinitely without lateral deflection, the material simply 


spreading, or flowing, under the imposed load. 
This is evidently a purely ideal condition, and can never be realized perfectly even in a 


* See paper on Compressive Strength of Steel and Iron, by Chas. A. Marshall, M. Am. Soc. C. E., Trans. Am. Soc. 
C. E.,, Vol. XVII, p. 53. Consult Plates X and XI for proof of the above statement. 
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carefully arranged experimental test, to say nothing of the conditions obtaining in actual 
practice. Here the “ultimate strength” should be regarded as the “ elastic limit,” notwith- 
standing greater loads will be resisted after permanent distortion begins. Evidently, so long 
as the column does not deflect sidewise, its strength per square inch is independent of its 
length, or of its ratio of length to radius of gyration, and dependent only on the elastic limit 


? ‘ is : : 
of the material. For various lengths, or for increasing values of-, therefore, failure by crush- 


ing only would show a constant unit strength equal to the elastic limit. 

134. II. By Crushing and Bending Combined.—If any of the above-named conditions 
are not fulfilled, then the column will bend somewhat under all loads, the bending 
increasing with the load, and the concave side of the beam at the elastic limit will 
be subjected in general to compressive stresses from three causes: 


. , bs ; 
first, to a stress p= re uniformly distributed over the section. 


LU | SLU SOP OF, 

i Ar aa 
ment of the load, y, is the distance of the extreme fibre from the centre of gravity 
of the cross-section, and 7 is the radius of gyration of the section. Pv would be 
Fic. 202, the bending moment caused by the eccentric position of the load. 


Third, to a stress p” ee f at the elastic limit, due to the bending of the column 
under the load P, f being the elastic limit stress for that material, and E the modulus of 
elasticity. This is found as follows: If 4 = lateral deflection under the load P, then the bend- 
ing moment at the centre is (4 -+-v). Since the moment at any point is equal to P(y + v), 
where y is the deflection from a right line at that point, the form of the elastic line of the bent 
column will be intermediate between a circle, due to the constant moment /v, and the 
elastic curve due to the varying moment Py. The latter would be practically that of a beam 


uniformly loaded, as given on p. 132. Now the centre deflection of a uniformly bent column 
172 


is, in terms of the stress on the extreme fibre, J, = By and of a beam uniformly loaded 


4/72 


Second, to a stress p’ = where v is the eccentric displace- 


sae 48Ey (see p. 132). But since the actual deflection is due to both of these causes, and 


(PEP Os 
8h . But when the 


in practice the former greatly predominates, we may put 4 = 7 
total stress on the extreme fibre has reached the elastic limit 7, then p +p - p= nor 


ye 
+2” =f—p. Hence we may write 4 = —. . But the bending moment due to the 


ete LEO fay DY 
deflection is M = PA. Hence PZ = ae Also, in terms of the stress produced on the 


outer fibres by the deflection eccentricity, 7 = 


JI 


; therefore we have, since 7= Aye 


oY LE ay ee ae 
ys Si) eee eh 2 Bi EA VN er 
We may now write, as the total stress on the extreme fibre at the elastic limit, 


soot er te'aei 4 B+ FOE), 


r 


Ves 
whence qae= f We ese car (O 
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where f = elastic limit of the material in compression ; 
v = eccentric displacement of the load in inches; 
J, = distance of outer fibre from centre of gravity of the section in inches: 
£ = modulus of elasticity ; 
Z= length of column; 


v = radius of gyration of the cross-section in inches, =/ Vis 
A e 


This is a nearly rational formula, with no purely empirical constants, for a column free to 
revolve at the ends, and will give good results.* It must be solved by trial since pf is found 
on both sides of the equation. If y, = 47, which is about the ordinary ratio, and if f= 34,00C 
for wrought iron and 42,000 for mild steel, with & = 27,000,000 for iron and 28,500,000 for 
steel, this formula would become, 


5 ,000 
For Wrought-tron, Mee cera sielithe POS: bros trees (2) 
Say ae 216,000,000 (7) 


and 


42,000 
4v 42,000 —p ( De e 2 e . e e o , * (3) 
3r 228,000,000 


For Steel, wes 


if 


These would apply only to columns pivoted on knife-edges. They would not apply to 
“round-ended ”’ columns, because the point of application of the load shifts as the column 
bends. They would not apply to a hinged, or pin-connected, column, because the resistance 
to motion here is very considerable, which greatly increases the strength of the column by 
preventing lateral deflection. 


U. F Saatic 
The second term in the denominator, , must include all effects of initial bends, or 


kinks, in the column, and differences in the moduli of elasticity of the elementary forms of 
which it is composed, as well as eccentric position of load. These are usually unknown func- 


tions, and hence this term cannot commonly be evaluated. If this term be omitted,t and an 


empirical constant coefficient used for in the next term, we have 


8E 


Shi kets Soames 
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r 
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which is commonly known as Gordon’s, or Rankine’s, Formula.t 

135. III. By Bending alone.—If all the conditions named in I are fulfilled, and we 
assume the column is loaded somewhat inside its elastic limit, while the length increases, the 
column wil! remain in stable equilibrium, and undeflected, until the length reaches a particular 
point, when it will bend. When the length is less than this critical amount, if the column 
were bent by a transverse force, it would straighten itself under its load, when this deflecting 
force is removed. But when the length has reached a certain limit, it will no longer be able to 
straighten itself under its load, but well retain any particular deflection which may be given to tt. 
It is then in unstable equilibrium, and any further increase of load will cause the bending to 


* For the rigid derivation of a formula for eccentric loads and pivoted ends by Prof. Marston see Trans, Am. Soc. 
Gy, Vol. XXXIX, p. 108. 
+ The authors do not admit the legitimacy of these changes, but they make this supposition here only to show 
what changes would be necessary to obtain Rankine’s formula. 
_ + For short columns, with eccentric loads, see mote, p. 153, and also eq. (I1), p. 453. 
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increase till the elastic limit is reached, when failure is inevitable. For columns pivoted, or 
free to turn at the ends, this limiting length for a perfectly ideal column is 


—$—— 1 aA 
taan/ >. or poe Bo ea 


The shortest length of column which could act in this way would be found by making 


p as large as possible; or when 
$= — elasticlimit: 


we have as the minimum length which can fail by bending only 


if E 
cay |S. UNS ee er 


This lower limiting ratio of /to 7 for a perfectly ideal column is about 100 for wrought- 
iron and about 85 for mild steel. A spring-steel column might fail in this way for a ratio of 


Z 
— as low as 50. 
a 


For the perfectly ideal column, therefore, centrally loaded, failure would occur by methods 
I and III and never by method IJ. That is, the strength would be constant and equal to 
the elastic limit for increasing lengths until the limiting length is reached, when it would fail — 


brs 
by bending. The strength of the ideal column, free to turn at the ends, where > is greater 
than this limit, or when failure occurs by bending alone, is 


EL  WERAr SW hA 
r 
or Pr Tn ete ee 7) 
mi 


This is called Euler's Formula,* and is derived as follows: 
Let OQ, Fig. 203, represent a column, free to turn about its end supports, of such a 
length that it may be in unstable equilibrium under the load P. That is, under this 
_ load the column just begins to deflect, and will under a constant load retain any 
deflection which may be given to it, within the elastic limit of the material. The 
bending moment at any section distant + from the origin at O is then 
M =e Saeed Sy 0 see) 


Ga? 


from the fundamental equation for the deflection of beams. Whence 


CE ee ts 
ae Se 


Multiplying each side of this equation by dy when x is the independent variable and 
integrating once, we have 
a 


IE 
ie) = ae) 


SS 
* Contributed to the Berlin Academy by Euler in 1759. For a more rigid derivation of this formula by Henry S, 
Pritchard, see Engr. News, May 6, 1897, and also by Prof. Wm. Cain in Trans. Am. Soc. C. E., Vol. XXXIX, p. 96. 
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a 
When a = 0, y = 4, = deflection at the centre; therefore C= — 4’, and 


ay\* PP Die Ed), 
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Wien 4, 0, 7 = 0... 6 = 0, or 
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This is the equation of the elastic line, the curve being a sinusoid. But for x = . y= A, 


EN EO I eee 
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or cotneag aa 


Therefore 


and we have from (9) 


P wkEAr we 
= or p = —, 


Epa Ae ALR: e 
Ae 
which is Euler's Formula. 

136. The Effect of End Conditions.—When the ends are free to turn, the column 
bends in single curvature, as in Fig. 204. When both ends are 
fixed in position it takes the form of a double reversed curve, as 
in Fig. 205. Here the portion lying between the two points of 
inflection acts as a whole column on knife-edges, but the length 


of this portion is only = When one end is fixed and the other 


free to turn, the portion analogous to Fig. 204 is 37, as shown in 
Fig. 206. Therefore, when a formula has been derived for the 


——— = ——— ry 


Z 
first case it can be used for the other two by putting for 4, A for 


fixed ends, and 3/ for one end fixed and the other free to move. 
Therefore we may write the following theoretical formule 


for these several conditions : Fic. 204. Fic. 205. FIG. 206 


i ; F d Pivoted and 
Name of Formula. For Pivoted Ends. For Fixed Ends. or age aoc an 


Gordon’s p= a ps —in p= —.; 
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mE 4m fk 
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Unfortunately neither of these end conditions is ever found in practice. The nearest 
_approach to a pivoted end is the ordinary pin connection, but the pin so nearly fills the hole 
that when the column is loaded the frictional resistance to slipping is a very material source 
of strength to the column by preventing lateral deflection. The strengthening effect of the 
pin is greater the larger the ratio of its diameter to the radius of gyration of the column, but 
even a very small pin well oiled gives a much higher test for long columns than a perfectly 
frictionless or knife-edge bearing. 

The nearest approach to a fixed end commonly found in structures is a squarely abutting 
end upon a rigid or fixed base. This is equivalent to a fixed end for short lengths, but for 
long lengths, where the fibres on the convex side come into tension, the square-ended column 
no longer acts as a fixed end, since the joint cannot usually resist tension. 

137. A New Formula.—For theoretically perfect columns and central loading, failure 
would occur by methods I and III, and along the lines ABD, Fig. 207, for pivoted ends, and 
along AFH for fixed ends, if these conditions could be perfectly satisfied.* Any failure 
in these necessary limitations, either as to the column itself, its loading, or its end bearings, 
would result in lowering the maximum unit stress, except for very short or for very long 
lengths. Unless the loading is very eccentric, failure will always occur on very short lengths 
for p = f = elastic limit of the material. For very long lengths the column fails almost 
wholly by bending, so that here the only significant condition is the value of the modulus .of 


“he; ae ee , 
elasticity, the end conditions, and the ratio ze But these extremes include all practical 


lengths.of columns, and hence we may say that the actual strength of a given column may be 

found anywhere within a field of considerable width, depending on a number of indeterminate 

conditions. Any convenient formula, therefore, having its locus centrally located in this field 

of experimentally determined results, and satisfying the theoretical requirements for very long 

and for very short columns, where the unknown functions are relatively unimportant, may be 

considered as satisfactory. Gordon's formula very fairly satisfies this requirement, being of 
f ' 


iNestObii =F =—— It is not as convenient of application, however, as the one now 


proposed, which is of the form p = f — 6 (é 


r 
so as to make the locus tangent to that of Euler’s curve, and the formula used for all lengths 
up to this point of tangency, it will give values as near the average of those obtained from 
actual experiments as possible. 

To find the Equation of the Parabola having its Vertex at the Elastic Limit on the Axis of 
Loads, and Tangent to Euler's Curve. 

For hinged and for flat ends an empirical coefficient must be found which will make 
Euler’s curve best fit the observed strength of very long columns, The general form of 
Euler’s formula, for all varieties of end conditions, is 


. If the coefficient Jin this formula be evaluated 


Rime eo 
7 


For hinged ends we shall use 
Ce = 10. 


and for square or flat ends we will make 


cr = oA 


The value of & will be taken as 28,500,000 for steel and 27,000,000 for wrought-iron. 


* See Mr. Marshall’s paper referred to in foot-note, p- 143. 
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f 


We have, therefore, as Euler’s formula for Wrought-iron Compression Members, 
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For Flat Ends, ae ds, Cota TOP PE Cee) 


These are the curves BCD and FGH in Fig. 207. The line ASF marks the elastic 
limit of wrought-iron, and A’A’/’ the elastic limit of steel. The tangent curves AC and 
AG are parabolas, with vertex at A and an axis in AO, drawn tangent to Euler’s curve for 
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hinged and for flat ends at the points C and G, respectively. These are the loci of the 
wrought-iron formule for ordinary lengths, while the analogous curves ALC and A‘G aretive 
loci of the formule for steel columns. The complete loci showing the strength for all lengths 
are ACD and AGH for wrought-iron, and A’C’D and A'G'H for steel columns. The equa- 
tion of these tangent parabolas takes this form : 


Tangent Parabola, y= f—6#.  »« - + + se os (15) 


The equation of Euler’s formula takes the form, 


&,| a 


Euler’s Curve, y= Oe er ee tee pried @ 0) 


We wish now to find the value of ~, (= 4) at the point of tangency, and the value of the 


coefficient, 4, which will pass the parabola through this point. The equations of condition are 
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found by making ay equal for the two curves, and then equating the two values of y, or 
af ‘ 


making the equations simultaneous for the point of tangency. Thus, 


a from eq. (15) = — 2b | 
fk 
and 3 Sis EF ae e @ © ©--s @ 6 6 (£7) 
ae; (Ope | 
Fz {tom 4. Wve a 


Making the two values of y equal for the point of tangency, we have 


2 Be k 
f—& =—-, OF Cae a ee € © @ © @ @ 4% (18) 
From (17) and (18), by elimination, we may find 
Z 2k oe 
a = dure, 
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which substituted in (15) and (16) we obtain : 
Eq. Tang. Parabola, p= f— Z(-) eee er te ee), 


Eq. Euler’s Curve, a ere ery ae ee 


rT 


For wrought-iron, hinged ends, £= 16£ = 432,000,000. 


For steel, hinged ends, k = 16E£ = 456,000,000. 
For wrought-iron, flat ends, = 25 = 675,000,000. 
For steel, flat ends, == 252 = 77b2,000,000, 
For wrought-iron, the elastic limit, = f= 34,000: 
For mild steel, the elastic limit, 5S f= 42060. 


The elastic limit of rolled metals increases with the amount of work put on the bar, or it 
varies inversely as the thickness of the finished plate and inversely with the temperature 
when leaving the rolls. Since compression members are made up from sections having thin 
webs, from % to # inch thickness, the average elastic limits of wrought-iron and mild steel 
will be about as here taken.* Hence we may write the following numerical formule, 


remembering that the parabolic law only applies from as o to de: fe as shown above 
r r 


in the value found for # at the point of tangency. With the values of & and # here taken, we 
have 


FORMULA FOR THE ULTIMATE STRENGTH OF COLUMNS. 


ig3 ci : ae 
~ = 170, p= 34,000 — .67\—), 


For Wrought-tron Columns, Pin Ends, if 432,000,200 > » (21) 
isu r= seem 
| 7 


* The great change in the elastic limit for different thicknesses of finished sections, and for different conditions of 
rolling, especially the temperature when leaving the rolls, largely accounts for the extraordinary range of the results 
of the experimental tests of wrought-iron and steel columns. 
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For Wrought-tron Columns, Flat Ends, 675,000,000 


[ms 

7 = 210, p = 34,000 — 43(< 
f (22) 
Ta 


For Mild Steel Columns, Pin Ends, - 450,000,000 


150, p= z , 
: ) 


< (23) 


? 


| 
[ve 
pa 150, i= 42,000. :O7 
I, 
le 
( 


A 
a 
Ay 


d = 
> < 190, ~ = 42,000 — 62(~ 
is 


For Mild Steel Columns, Flat Ends, 4 f _ 712,000,000 smo (ZA 
if ~ 190, Sa eR 


nehule : 
In actual practice > is nearly always less than 150, and usually less than 100, so that the 


l : A 
formula, = f — (5) covers the entire range of ordinary practice. 


For Cast-tron Columns we have had, until recently, no full-sized tests. The formule here- 
tofore used for these columns have been based on crushing tests of small specimens. The 
tests on full-sized cast-iron columns made at the Watertown Arsenal in 1887 were discredited 
in the official report of them by the statement that they were of an unusually poor quality 
of cast-iron. In 1897 another series of tests were made on full-sized cast-iron columns at 
Phcenixville, Pa., and as these were of the ordinary quality, and their results agreed well with 
those made in 1887, they have all been accepted now by engineers and architects as indicat- 
ing the real strength of cast-iron columns.* From these tests the following formula may be 
used as expressing the average ultimate strength of cast-iron columns with flat ends. 


L 5 l 

For Cast-tron Columns, Flat Ends = < 120, p = 34,000— 88—. 555 atom) 
fee (2 ve 

For White Pine, Flat Ends, We 60, p= 2500 — 0.6 Ale 
Li ie 

For Short-leaf Yellow Pine, Flat Ends, Be 60, ~ = 3300 — 0.7\5) - oa 

2 
é le iy 

For Long-leaf Yellow Pine, Flat Ends, yd 60, ~£= 4000 — 0 a(5 
Ves ii 

For White Oak, Flat Ends, Be 60,57 93500 =.0.8\ 7): 


In Fig. 208 are shown the plotted results of all the most reliable tests of full-sized columns 
} The loci of the Parabolic Formule given above, of the Gorden-Rankine Formula, 
and of Johnson's Straight-line Formule are all drawn for both iron and steel. 

138. Johnson’s Straight-line Formulz.—In 1886 Mr. Thos. H. Johnson, M. Am. 
Soc. C.E., presented a paper to the American Society of Civil Engineers in which he showed 
that a straight-line formula could be made to fit the plotted observations of column tests, as_ 
well as any curve, for all the ordinary lengths. He used Euler's curves for the great lengths 


ever made. 


* See Johnson's Materials of Construction, second and subsequent editions, p- 474. 
t+ See Watertown Arsenal Experiments, in Johnson’s Materials of Construction, pp. 682-4. 
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to which it is applicable, and made his straight-line loci tangent to these curves. Although 
these linear equations can be made to fit the observed results for ordinary lengths as well as 
any other (see these loci in Fig. 208), they give too great values of the ultimate strength for 


// 


: 


—S_ 


: 


ESE 


DIAGRAM OF THE RESULTS 
of 


TESTS ON WROUGHT IRON AND STEEL 
COLUMNS. 


: {symetrical sections, pin in center, _________!o 
Wrought Iron, Watertown Arsenal, anoyeccte eae: Dia copieeay ity 


22 ”  Phenix,s, American, 1, Wrought Iron Box, 5, P.R.R, Solid Web,x. 
x ”» ZBar, 1, Keystone, x, Steel Latticed Channels, 31, 


‘Am.Bank Note Oo. N.Y. 


Fic. 208. 
the shorter lengths, provided failure be taken at the elastic Jimit of the material, or where the 


member takes on an appreciable permanent set. Mr. Johnson’s formule are, however, the 
simplest ever yet proposed and have come into very general use. They are as follows: 


\ 


Wrought-iron—Hinged Ends, p = 42,000 — 157 i 
; o 
Z 
y? Flat ae p = 42,000 — 128 —. 
ue 
‘ : y 
Mild Steel, Hinged Ends, £ = 52,500 — 220-. 
OD 


in Flat ‘ 2p = 52,500 — 179 = 
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139. Formule to be Used in Dimensioning.*—All working formule must include a 
factor of safety. It has been customary to introduce this as a common factor in the right-hand 
member of the ultimate strength formula. This is clearly wrong. Referring back to for- 
mula (1), p. 144, we see that the second term in the denominator, = represents not only 
any known or unknown eccentricity of loading, but also all structural weaknesses, like initial 
bending, internal stress, unsymmetrical cutting away of parts, etc., and hence some value 
must be given to this term even when the loads are assumed to be symmetrically placed. 
The giving to this term an arbitrary value is therefore equivalent to introducing a factor of 
safety. If, for centrally placed loads, we give this term a value of unity, this is equivalent to 
making the factor of safety two for short columns, since the third term in this denominator 
practically vanishes for short lengths. This factor may also be regarded as a factor of safety, 
for the stress on the most compressed fibre, or as a factor of safety as to the maximum stress. 
If now we arbitrarily introduce a factor of safety of two as common to the entire denomi- 
nator, we may call this @ factor of safety as to the loads, which also applies to the stresses as 


LOCI OF COLUMN FORMULAE FOR 
PIVOTED AND FOR PIN ENDS. 


Sa eee Le a (A)-Crehore’s theoretical form of Rankine’s Formula for 
soa I y \ Pivoted Ends: p=7(1+ 55 @) 
eT D \ \ (B)—The Author's Parabolic Formula for Pivoted Ends: 
2 eek \ p=i(-1.53 (#)') 
Z LL > \ \|______ (C)—The Author’s New Bonuaaha ton Pivoted Ends: 
. \ = 1 
ie} ‘ \ Di 4( x miele) 
® h a+ a) 
7,500} . \ = (D)- The Author’s Parabolic Formula for Pin Ends: 
? 1 
a. Cc \ . p=7(f—-0.9% (;) ) 
oO \ y (E)— The ordinary form of Rankine’s Formula for Pin Ends: 
z \ \ p=t (gin) 
5 N \| (F )—The Author’s New Formula for Pin Ends: 
9 \ ‘ p=} (24 784)) 
5,000} |____ 
al, 
< - 
o6—{ 
ae 40 60 80 A B = 
Zz N@TATION: Se 
2,500 =<  =working load per sq. in. Va 
fo) f =apparent Elastic limit 
= = 42,000 for mild steel. 
E=modulus of Elasticity 


= 28,500,000. 7 
=lJength of column. 


r =least radius of gyration. RATIO OF LENGTH TO LEAST RADIUS OF GYRATION at 
pa ee SS 
= fs 20 40 60 8 - 100 120 140 160 180 200° 220 240 260 280 300 
Fic. 2082. 


a matter of necessity. The result is we now have a factor of safety of two for very long 


vy ; ‘ 
columns (where the terms I as are of little relative value), and of four for very short 


ats ; ; ore: : ‘ 
columns (where the last term in (£) has little relative value). This is as it should be, since 


the strength of a very long column is not a matter of stress on the most compressed fibre, 
but purely a matter of stiffness, or ability to remain straight, or unbent, under its load. 
Here, therefore, we need only a factor of safety as to the load. By proceeding in this man- 
say: 
‘ ‘pee eclann will stand even though, for unknown reasons, the stress on the most 
compressed fibre is twice as much as it has been computed ; and ; 
(2) It will also stand even though the load is twice as great as it has been assumed. 
When a factor of safety of four is taken as a common factor for the entire denominator, 
we are making this wholly a load factor for very long columns, which is unreasonable, eS we 
do not propose to provide for four times as great a load as has been assumed. Making these 
numerical changes, equation (1), p. 144, becomes equation (28) below. 


* This article added in the Sixth Edition. 
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Fic. 208¢. (Equation 30). + 
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The locus of this equation is curve C in Fig. 208a. It should be compared with the 
author's parabolic formula as described on the previous pages, here shown as curve B, and 
also with Crehore’s theoretical form of Rankine’s formula, here shown in curve A. All these 
formule and loci are for columns with prvoted ends. 

For pin ends, 8£ becomes 162£, by experiment, as described at the bottom of p. 148, 
and for square ends it becomes 252. Making this change for pin ends, we obtain the curve 
marked F in Fig. 208a, which should be compared with the author’s parabolic locus, curve D, 
and with the ordinary locus of Rankine’s equation for pin ends as there given. A study of 
these curves reveals the following relations: 


lor Pivoted Ends (comparing with curve C). 


(1) The Crehore locus (curve A) is much too low, as shown by the experimental results 
given in Fig. 208.* 

(2) The author’s parabolic formula (curve 8), having a factor of safety of four throughout, 
runs too low for long columns, and a little too high for the ordinary lengths. This is also the 
case to a similar degree with the formule for pin ends (curve D), and it is also the case for 
square ends, not shown in the diagram. 


for Pin Ends (comparing with curve F),. 


(3) The locus of the ordinary Rankine formula lies well below that of the author’s new 
formula F until a value of ee, is reached, where they intersect. This difference is nearly 


20 per cent for the ordinary lengths. A similar difference would appear for the formule for 
flat ends if their loci were plotted. 
Taking, then, the formule C and /,and an analogous one for flat ends, we have the 
following 
WORKING FORMULA AND DIAGRAMS, 


For Pivoted Ends (Fig. 2086), p= (2) o1 kot ages eeemen (2) 


Ayre 
2+ SRG 
For Pin Ends (Fig. 208c), Pol 7a ‘y sible bopeiee(2O) 
2 16E A 


For Flat Ends (Fig. 208d), aa ie r) 4 Saesieice, 


Giving to f, the “apparent elastic limit,” values from 30,000 to 50,c00 for different grades of 
wrought iron and steel (f = 34,000 for wrought iron and # = 42000 for mild steel being safe 
reasonable values for shape irons in thin sections,t and taking & = 28,500,000 in all cases, 
there results the various curves in these figures. In finding unit stresses to use in designing, 


U 
therefore, it is only necessary to know the value of a for the given column, and the kind of 


metal (f) employed. Since 7 does not change appreciably for different wezghts of section, 
but only for different szzes, when the lateral dimensions of the column are given, the maker's 
handbooks, or Osborn’s Zables of Radit of Gyration, will give at once the value of 7 with 
sufficient exactness. The working stress (f) can then be taken from the diagrams. 


Note.—For short heavy columns, such as are used in buildings, the bending of the columns may be 
neglected and provision may be made for eccentric loads, as indicated on p. 453 in the formula 


25 Si PAW MERE oon Oe aa ene STORIE CYS 


Pp 
where 4 = area of cross-section of columns; : 
p = maximum crushing stress to be allowed in practice; 
P = total load on the column ; 


P, = eccentric load; ‘ : ; J 
Z = ratio of eccentricity of P, to the half width of the column in that direction. 


* This has been pointed out by the author as being true on both theoretical and Sele ee See Engi: 
neering News, vol. XXXvil (May 20, 1897), p. 311. + See Johnson’s Materials of Construction. 
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CHAP FERS X: 
COMBINED DIRECT AND BENDING STRESSES. SECONDARY STRESSES. 


140. Examples of Combined Stresses.— Whenever a tension or compression member 
occupies a horizontal position it is evidently subjected to a cross-bending stress from its own 
weight. If other transverse external forces come upon it, it is still further stressed in this 
way. In case the direct loading (tension or compression) be not centrally placed over the 
centre of gravity of the cross-section, or if the member itself be bent from a right line, then 
there would be a bending moment upon the member equal to the direct loading into its arm; 
or the deviation of the axial line of the column from the right line joining the centres of 
gravity of the end sections. In all such cases the member should be dimensioned for both 
direct and cross-bending stress, and the computation made on the assumption that both kinds 
of loads act simultaneously. 

It is always poor economy to subject a member to bending stress. It must be dimen- 
sioned for the stress on the extreme fibres, while the strength of the interior portion of the 
section remains unused. A framed structure should always be designed so as to obtain only 
direct stresses in all its members, and then the entire cross-section is available to resist the 
force coming upon it. It is for this reason that all joints should be designed to bring the cen- 
tre of gravity lines of all the members to a common point, so as to avoid secondary stresses 
from bending. The use of knee, portal, and sway bracing also should be avoided whenever 
possible, as it usually is in buildings, trestles, towers, roofs, and deck bridges. 

141. Action of Direct and Bending Stresses.—The effect of any finite cross-bending 
load upon any member is to produce a corresponding deflection in it. The effect of the 
direct loading is to increase the bending moment, and therefore the deflection, if acting so as 
to compress the member, while the reverse is true for an extending force. When the deflec- 
tion becomes appreciable, the effect of these direct forces upon the cross-bending stresses is toc 
great to be neglected. It is common to assume that these two classes of external forces act 
independently, and to compute their separate effects, add the resulting stresses together, and 
to dimension the member accordingly. In the following analysis they are treated as acting 
sitnultaneously and the true cross-bending stresses found. 

142. Derivation of a General Formula for Combined Stresses. 

Let 7, = bending moment at point of maximum deflection, from cross-bending external 

forces and from eccentricity of position of longitudinal loading ; 
v, = maximum deflection of member from all causes acting simultaneously ; 
M, = bending moment from the direct loading, P, into its arm, ge e785 
P = total direct loading on member, tension or compression ; 
J; = unit stress on extreme fibre from bending alone at section of maximum bend- 
ing moment, or of maximum deflection, as the case may be, in pounds per 
square inch ; 
Z = length of member; 
J; = distance from centre of gravity axis to the extreme fibre under consideration 
on which the stress from bending is /,; 
& = modulus of elasticity ; 
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= moment of inertia of the cross-section ; 
breadth of a solid rectangular section; 
= height of section, out to out, in the plane in which bending occurs, = 2y, for 
symmetrical sections. 
J, = unit stress in member from the direct loading, supposed to be uniformly 
. distributed, = 5 
Ff = total maximum unit stress on extreme fibre, =f~, +f. 
A}l dimensions in inches, and forces in pounds. 
In all cases of deflection of beams of constant moments of inertia the maximum deflec- 
tion, 7 terms-of the stress on the extreme fibre, is given by the equation 


/fe 
Seo ON Coe aac 


1 


Vi he 


where & is a numerical factor. 

Thus for the extreme cases of a beam supported at the ends and loaded at the centre, and 
for the same beam loaded uniformly, the value of & is #4 in the former case and gs in the 
latter.* 

Since almost all cases in practice correspond more closely with the condition of uniform 
loading, the value of % will be taken as 38, or j,. We then have as the general relation 
between the deflection of a beam and the stress on its extreme fibre 


2 CES 
i Tones 


Navas eae ai an A Cuete mee 


In all cases now under consideration there are the two bending moments acting on the 
member, J, and /,, which may be of the same or of opposite signs. The moment of resist- 
ance, or the moment of the direct stresses, developed at any section must be equal to the 
algebraic sum of the moments from the external forces, and hence we may write 


ip 
M, = = M, + M,=M, + Po, Sees tel sees em) 
1 
the positive sign to be used for members under compression, and the negative sign for mem- 
bers under tension. : 
Putting for v, its value from (2), we have 


Fe aah. fe I 


ra 104 


where the negative sign is to be used for compression members, and the positive sign for 


tension members. ie, ‘ 

This formula is perfectly general, and applies rigidly to all forms of section and to all 
forms of loading without material error. The second term in the denominator takes account 
of the bending moment J/7, = Pv,, and can be neglected in all cases where the amount of the 


bending is known to be inappreciable. s 


CASE I. TENSION AND CROSS-BENDING. 


143. EXAMPLE I. Frnd the stress in the extreme lower fibres of an eye-bar when used in a horézontai 


postition and subjected to tts own weight. 
Here the transverse moment is that due to its own weight. If we take a section at the centre of the 


* These factors are given in column four of the table on pages 132 and 133, except that in that table % is used where 
h 
here y; is employed, which is equal to o hence the factors here used are one-half of those of the table. 


+ This is for a member free to turn at the ends. For a member fixed at the ends use j'g or 0.031, and for one end 
_ fixed use sf or 0.043 for &. 
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bar and equate the moment of resistance of the internal stresses with the algebraic sum of the moments due 
to the weight of the bar and to the pull upon it into the deflection at the centre, which 1s the arm of this 
force, we have 
My, — M, — Mo ’ 
or 
wi? SJibh® 


ate at Ha Of Ei 


8 ees 


where w = weight of bar per inch = 0.280%. 


2 
Putting m= = from (2), and P = /,d/, and taking E = 28,000,000, we have, from (5), 


4,900, 000% 


fi = (6) 


A 2 
Jot 23,000,000 7) 


as the tensile stress per square inch in the bottom fibres. The total stress in these extreme fibres is therefore 


4,900,000/ & 
es 
Jot 23,000,000( 5) 


i Je (7) 


144. Effect of Height of Bar on Fibre Stress—From eq. (7) it is seen that the stress on the extreme fibre 
from bending of an eye-bar under its own weight is a function of 2, f2,and/. If /2 and Z be considered 
constant and / allowed to vary, we may find the depth of bar giving maximum fibre stresses by differentiat- 
ing eq. (6) with reference to fi; and 4%, placing the first differential coefficient equal to zero, and solving for 2. 
This gives 


we = 0 = 23,000,000h? — f2/?, 
or ; 
Z = 
aed ee ee em MET oe SE TO eos) 


for height of bar giving maximum fibre stresses from their own weight. 


If this value of % be substituted in eq. (6), we have, as the stress on the extreme fibres from bending 
under their own weight, for the depths giving maximum stresses, 


5007 
Vir 
The following table gives the depths of bars having maximum fibre stresses from bending under their own 


weights, and also the amounts of these stresses, for different working tensile stresses in the bar and for 
different panel lengths. 


Si (max) = (9) 


TABLE OF DEPTHS AND MAXIMUM FIBRE STRESSES. 


Working Length of Eye-bars in Feet. 
Tensile 
Stresses xe 
in pounds 5 he 25 3° 35 o 
per 
square ; ; . 
: Fibre Fibre Fibre Fib i i 
Hee Depth. Stress. Depth. Stress, Depth, Stress. Depth. Sences: Depth. eee Depth. pate 
Lbs., Lbs., Lbs., Lbs., Lbs., Lb 
In. Sq. In. In. Seay In. Sq. In. In Sq. In. In. Sq. In. In. Senin 
8000 3.4 1010 4.5 1340 5-7 1680 6.8 2020 8.0 2350 9.1 2690 
TOOOO Qaites goo 5.1 1200 6.3 1500 7.6 1800 8.9 2100 10.1 2490 
12000 4.2 820 5.6 ITO0O 6.7 1370 8.4 1640 Ony/ 1920 Thar 2190 
14000 4-5 760 6.0 1020 7.5 1270 9.0 1520 10.5 1780 I2.0 2030 
16000 4.8 720 6.4 g60 8.0 1200 9.6 1440 Ting 1680 12.9 1920 


For any given case, where the depth, length, and total pull per square inch are given, use eq. (6) for 
finding fibre stress from bending. 
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145. EXAMPLE 2. Fund the stress in the extreme fibres of an eye-bar (or any rectangular tenszon member) 
which also carries an external load of wy lbs. per linear inch. 

This problem is exactly similar to the former one, except that (w + ws) is now to be used where w alone 
was used before. Using this notation, we have, analogous to (5), 


Ww wy )l? 
eee" — Po 


1 


_ fabh 
mans ~9 @ ° e ° e e ° ° e ° ° ° o (10) 


from which we have, as before, 


105,000(w + w1) (en) 


f= bo ape o) SoHo eo 
h 2 
pels + 140,0000( 7) 

1000 Z 


Thus if the cross-ties of a bridge should rest directly on the eye-bars, w:/ would be one-half of a total 


panel load, and the value of w would be relatively insignificant. 
If w + w, were taken as goo lbs. per foot, or 75 lbs. per inch, and two eye-bars in each chord with a 
section of 4 in. x I in. be used, and there be a pull of 14,000 lbs. per square inch on these bars, and they be 


assumed to be 15 ft. long, we have 
w+_w=75; 6=2; f2= 14,000; h=4; and ¢= 180, 


whence /1 = 25,600 Ibs. per square inch from bending, or f =f + /2 = 39,600 dbs. per square inch total stress 
on the extreme lower fibres. This being beyond tle elastic limit, the bars would permanently elongate on 
that side and then be straightened again when the load passed off, and in this way the bars would become 
“fatigued,” and finally would fail. 

It may be interesting to note that if the pull in these bars be neglected in the computation of bending 
moment, and the same transverse load applied, the fibre stress would be about 57,000 dbs. per square inch 
from cross-bending alone. The necessity of taking account of the simultaneous action of the two moments 
is thus shown. 

146. EXAMPLE 3. What is the stress from flexure in a lateral tie-rod I in. square, 
freely from end supports, and strained up with an initial pull of 10,000 Ibs. ? 

From eq. (4) we have 


40 ft. long, hanging 


f= ee aan se 480 lbs. per square inch. 
7 PLe © ~ 15 10,000 X 480 x 480 0.08 + 8.23 
102 12 280,000,000 


This member is so shallow as to act like a wire, the depth giving maximum fibre stress for this span and 


unit stress being, from eq. (8), equal to 10 in. 


CASE II. COMPRESSION AND CROSS-BENDING. | 


bre stress in cross-bending arising from its own weight and its 


147. EXAMPLE 4. Find the extreme fi 
25 ft. long, composed of two 15-inch channels of 120 lbs. per 


compressive load, of a top-chord section, 
yard and one 20 in. x % in. top plate. 2 
For this case the general equation (4) takes the form 


Wi ror Ne oat ED) 


ction at the centre of gravity axis. The maximum 
ompressed side of the section. The value of Z for 
Taking £& = 28,000,000 and /2 = 7000 lbs., P is 


The endwise loading is supposed to come upon the se 
fibre stress will come on the top plate, which is the most c 
this section is 1155, and of ”: for the plate side 6,04 in. 
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314 x 7000 = 220,000 Ibs. The bending moment at the centre from its own weight is 98,400 in.-lbs. The . 
length is 300 inches, We have, therefore, 
Minn 8,400 X 6.0 
\ = a = 28 4 = 550 Ibs. 
I JEU : 220,000 X 90,000 
_— ——_ I — ————————— 
10£ 35 


280,000,000 


This is the stress on the plate from cross-bending only. 

148. EXAMPLE 5. What 2s the effect of loading the above column at the centre line of the channel-bars 
composing tts stdes ? 

This is a common error in construction and deserves careful consideration. The centre of gravity axis 
of this section is 1.83 in. from the centre line of the channels. If we now omit from consideration the 
weight of the member, J/ will be composed wholly of the longitudinal force P: into the eccentricity of the 
loading, which is 1.83 in. Hence /, = 220,000 x 1.83 = 402,600 in.-lbs. 

In this case the plate side will be convex, and the maximum compressive stress will be found on the 
latticed side of the member. For this side y, = 9} in. The other factors are the same as before. Therefore 


My, __ 402,600 x 9% 
Pit s155— 71 
10 


1662 = 3470 lbs. per squar? inch. 


pp 


149. EXAMPLE 6. What ds the combined effect of weight of member and eccentric loading ? 

This is a combination of the conditions named in Examples 3 and 4, this combination being a common 
practice for upper chord members. In this case the algebraic sum of these two effects must be taken. Thus 
the weight of the member would produce a compression of 550 Ibs. per square inch in the upper fibres and 
a tension of ae x 550 = 850 lbs. on the lower fibres. The eccentric loading gave 3470 lbs. compression on 
these latter, the algebraic sum of the two being 2620 Ibs, per square inch compression. 


Making a total of 
f=hi +f2 = 2620 + 7000.= 9620 Ibs. per square inch. 


The total compression in this member is about 37} per cent greater than the ordinary specification 
would allow. 
150. EXAMPLE 7. Compute the maximum stress on the extreme fibre of atop-chord section which ¢s used to 
carry the cross-ties on a vratlway deck-bridge. 
Reti/ — 20t.— 2400ne 
w = dead load per foot per truss = 500 lbs. ; 
p = live load per foot per truss = 3400 lbs. ; 
P = compressive stress in chord = 400,000 Ibs. ; 
M, = moment from transverse load = 2,340,000 in.-lbs. 
Let the chord be made up of 


One top plate, 24 in. x $in., = 21.0 sq. in. 
Two top angles, AANA Xe Avink—A2) | Sere Ammer 
Two side plates, 24 in, x 42 in., mS Soyo. 
Two bottom angles, 6in. x 4 in.—7olbs,= 140 “ 


Total area of section = 82.4 sq. in. 


The moment of inertia of this section is 7436, and the neutral axis lies 10.58 in. from the upper side of 
the chord. 


From eq. (4) we have 


ifs = pean tA ESS 2,340,000 X 10.58 = lb : 
: as [cee = 3370 lbs. per square inch. 
De AG 
10£ 280,000,000 


For this section and compressive load we have 
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The total compressive stress on the extreme fibres at top is therefore 
ST =hi +f2 = 3379 + 4850 = 8220 lbs. per square inch. 


The second term in the denominator of formula (4) represents the effect of the direct compressive 
stress acting with the arm v1, the deflection of the member. In this case, where the member is very rigid 
and deflects very little, the effect is very small, this term being but 82, whereas / = 7436. The effect of 
neglecting this term in this case, therefore, would be to give a fibre stress 13/5 per cent too small. For more 
flexible members the effect of neglecting this term is greater. 


151. Fixed End Posts with the Upper Ends not Fixed in Direction.—Let Fig. 208¢ 
represent a portal, or a bent of an elevated railroad or of a steel frame building, having the 
posts fixed in direction at the ground and having a single 
system of diagonal bracing as shown. The problem is to find 
the point of inflection x, from the base, and then the values 
of the reactions H and V upon the columns. These reactions 
will be the same as in form 1, Art. 115, Chap. VII, when the 
point of inflection is treated as the base of the column. The 
problem is simplified by considering a simple beam, as in Fig. 
2084, fixed at one end and subjected to the forces R and Q, 
the determining condition being that the deflections of the beam 
at DandC shall be equal. This is the effect of the portal 
bracing when taken as absolutely rigid as compared with the 


le 


Fic. 208a. Fic. 2084. 


deflections of the ee Referring now to Fig. 208, we have from the general equation (9), 
page. l33, 47,.— poppe 
Fors <3 


Te - tor any section. 


a’y 


Mee ax = Re #) — Ole — 2). cost 2/6570, he aren een (ay 


For the point of inflection, where x = x,, we have 
D1 IC a) a Jax 9 ne col Too a (14) 


Integrating eq. (13) between the limits 0 and 2, we have 


2 


=R fc — dx — 0 f (e— ade = R(ce— =) - G, Sree 


which is Z/ times the angle of the deflected column at D. 


Borns 32; 
Mes. = erS2, = = Rc — 2), 
and we have for the portion beyond D, | 
ere. = angle at D from (15) + angular change beyond D, 


= Ree — ‘| — oe -+- R [Cc — a)dx= Rex — =) — Oe ars sen e (5)) 


Integrating this again from z to ¢, we obtain the deflection at C as compared to that at D. 
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But by the conditions of the nroblem D and C deflect equally, and hence this iast integral 
is zero, or from (16), 


Ely = RB f (cx —*)ax - of de = Fee ae Eee (5 ae ae (7) 
whence ; 
38° 


oo 

Q” 2c + 2¢cz — 27° 
= 

Q 


° ° ° ° ° ° e ° ° @ ° (18) 


But from (14) we have 


fee 
= pene 9 eo « (« “e @ “fo. 6 co" “owNmo. “0 mNOunrCuEEG: (19) 
whence 
at =) 
’ 2 od: ES Ae ogee (ieee eo! 


This gives the point of contraflexure at which H and V (as in Art. 115) are to be applied. 
If P is the total applied external force at C, asin Fig. 208a, we have 


je A, 
Ho nea ee ee Sa) 
S 
Maximum bending moment on column (at its base) = Hx, ;* \ - 
Bending moment at D = (eZ 22) 


since the horizontal and vertical reactions, H and V, must be supposed to act at the point of 


inflection. 
The remaining analysis i is exactly the same as that given in Art. 115, using here ¢ — x, in 


place of ¢. 
Thus, with centre of moments at J, we have 


Stress in co’ =P+H(—*)=P pl: + ==). ee ee 


With centre of moments at C’, we have 


Stress in DD! = H(£—**) .- p(“=*). ~ 5 bah oa ee beel eee 


From = vertical components = 0 we have 


Stress in’ C’D'= Vso = OEE <8) ee ne) eee 


If Z = compressive stress in the column from the vertical loading, and ¢ = angle column 
makes with the vertical, then 


L+ Vsec ¢ = total direct stress in A’C’, 
and 
LI —Vsec ¢ = total direct stress in AC. 
The maximum bending stress in the column by (22)-is at the base and is i, 
; 2 


From eq. (12) we then have for the stress in the extreme fibre from bending 


Bre 
Ut it , (26) 
i poet 7 (LE Vsecor Ores! 
6£ 6E 


The requisite strength of anchorage may be computed from the bending moment at the 


base of the column (eq. (22)). 
This problem is usually solved by assuming the point of inflection $¢ from the base. For 


. z . 2 . 7 
* Since xo is always greater than 3 it follows that the bending moment at the base of the column is always greater 
than at D. 
: capi I : A anaes 
+ Here the coefficient is S instead of To” 28 in eq. (12), since the deflection is that of a beam ot length eed at one 
2 


end and loaded at the other. 


COMBINED DIRECT AND BENDING STRESSES. 161 


C 
the extreme case where ¢ = z = 3 ed (20) gives +, = 3z¢. When ¢ is less than this the point 
of inflection approaches the middle point between A and D, so that it may be said this point 


: g 
lies somewhere between . and 2s above the base for all cases of fixed base. But this base is 


never perfectly fixed in direction, and any flexibility here would lower the point of inflection. 
Neither is the web bracing above perfectly rigid, and any distortion here would raise the point 
of inflection, so that these assumptions may be considered as offsetting each other, and the 
formule applied rigidly as above. 

152. The Trussed Beam.—A wooden beam is often trussed as shown in Fig. 209. 
There are usually two tie-rods passing outside the beam and having their nuts bearing upon a 
cast- or wrought-iron end-plate. At the middle a strut-piece or king-post is inserted, of any 
desired length. The beam being continuous, the 
load carried at C will be 8* of the total uniformly 
distributed load, or $2/, where w = load per linear 
inch of beam and /= the half-length AC. The 
greatest bending moment in the beam occurs at 
C, and hence here is to be found the greatest fibre 
stress from bending. For reasonable depths of ae me 
truss, 7, the deflection of C would be inappreciable . 
and may be neglected in computing 7. The ordinary solution will hold here, therefore, or 
the fibre stress may be found for the cross-bending alone and added to that from the direct 
compression. 

We have, for the bending moment at C, 

2% 2 
u="*, or faba ss, SBP oO at ta So |) o> a6 (27) 


for a beam of solid rectangular section. 
The direct compression in the beam is 
5 wd’ 1 
ey eae or ie bh 8&8 Hbh° ° ° ° ° ° 3 ° ° (28) 


Therefore 


wl? 


FARAH spppot 5%: 5 + + « 6 os se @ 29) 


The stress in the tie-rod 
5 wl 


a Ced a 

The Queen-post Truss without Counters.—\lf the counter-struts shown by dotted lines in 
Fig. 210 (a) be omitted, as is often done in unscientific construction, especially when a beam 
is trussed from below by a tie-rod and two posts, any want of symmetry in the loading pro- 


VA EEN ETE tee) Ss Geel fon heh ee Ee 


FIG. 210. 
duces a bending of the loaded beam, as shown in Fig. 210 (0). | 
Let it be assumed that the beam is supported by the tie-rods at points 4/ from each end 
Place the load W at one of these points and find the stresses in all the members. 


* See schedules of moments and shears on pages 140 and I41. 
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Let H = height of truss, 4 = height of bottom chord; 6 = breadth of bottom chord; 
é= length of bottom chord between end joints. Since the combination acts as a whole to 
carry the load W to the abutments, the same as any beam, the supporting forces are 


It is evident at once that the load W divides itself between the truss and the bottom 
chord acting as a beam, and that the truss will distort as shown in Fig. 210 (4). A part of W 
therefore, is carried by the tie-rod DF, and the remainder rests on AS at Fas onabeam. To 
find the relative value of these two portions into which W is divided we have— 

1. Since the distortion is small and CD remains sensibly horizontal, and the two inclined 
members AC and DB are sensibly of equal inclination, the horizontal components of these latter 
are equal, since they are each equal to the stress in CD. But being of equal inclination to 
the horizon, their vertical components of stress must be equal. 

2. But the vertical components in AC and D# are equal to the stresses in the tie-rods 
CE and DF, respectively, and therefore the stresses in these rods are equal. 

3. From the symmetry of the trussing, if the point D drops a certain amount the point 
C must lift by the same amount, and hence the bottom chord is deflected upwards at & as 
much as it is downwards at /, and therefore the forces producing these deflections are equal. 
But the force producing the upward deflection at Z is the stress in the tie-rod EC, while the 
force producing downward deflection at Fis the remazning portion of W after the part taken 
by the tie-rod /D is subtracted. That is, the part of Wcoming directly upon the beam is 
just equal to the stress in the tie-rod AC, and therefore equal to that in FD. 

Therefore the load W divides itself into two equal parts, one half being carried by the 
truss and the other half by the bottom chord acting as a beam. 


; WwW 
The stress in the tie-rods CE and DF is therefore ae and this is the vertical component 


in each end-post. Hence 


Compression in CD Wl Wi 
Tension in AB 12° 2H 6H outs ee ie (31) 


aha W i 
Compression in AC and DB = Ha EPs i ee Pn Uy oe 


Since the central point of the bottom chord is a point of inflection in the bent beam, there 
is no bending moment at this point, and it may be treated asa free supported end.* The 


; W 
moment at F is then, for a load ai ater 


ih aa wi 
ee 1g 6G? or Fe eer? tt Tinto. ey 5 (33) 


The direct stress in AB from (31) is 


Wl WI 
Ts = 6Hb)’ hence aT, ass = 6st + h), sp te tomes (34) 


which gives the maximum tensile stress per square inch in the bottom chord. 


* Or a vertical section may be passed through this point of inflection and that point taken a centre of moments, 
ayaa 
Sy 6 Wi 6 Geers 
7 = t= also tension in 4B. Also the shear at the point of inflection in 4B 


2 Ww La 
= W— 5 We ce whence the moment at # and Z = ee ast re This method is applicable to any truss symmet- 
rical about the panel where the bracing is omitted. 


whence the stress in CD = 
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SECONDARY STRESSES. 


153. Definition.—Secondary stresses are those bending stresses arising from such causes 
as the following : 

I. The members coming together at a joint do not have their centre-of-gravity lines 
meeting in a point. 

2. Members are not loaded, or attached, symmetrically with reference to the centre-of- 
gravity lines. 

3. Members are not free to rotate at the joints when the live load comes on, and hence 
they must spring or deflect as the structure deflects. 

A few of the more common cases will be investigated. 

154. Gravity Lines not Meeting at a Point.—One of the more common instances of 
this fault can be found in shallow lattice girders, like the New York Elevated Railroads. Here . 
the single intersection Warren girder riveted trusses have joints as shown in Fig. 211. The 
gravity lines of the web members intersect in C, while the 
intersections with the upper chord are in A and &. This 
gives rise to a bending moment at this joint equal to the 
pull in BD into the arm AC, moments being taken about A. 
Let the chord be made up of two 3 in. X 4 in. angles, 25 
lbs. per yard, and one plate 12in. X din. Let the diagonals 
be composed of two 3 in. X 4 in. 25 lb. angles each, all 
riveting coming upon the 4-in. leg. If we assume a unit 
stress of 7500 lbs. in these web members, or a total stress 
of 37,500 lbs., and if the inner (4 in.) legs of the angles 
meet on the web of the chord as shown in the sketch, then the leverage AC would be 54 in. 
The bending moment at this joint would then be 5$ & 37,500 = 206,000 inch-pounds. 

If the truss be assumed 5 feet high and the web members at 45°, then these members 
are 7 feet long and the panel lengths are 5 feet long. Adjacent joints in one chord are sub- 
jected to moments of like sign, and all members, both web and chord, are bent in opposite 
directions at their opposite ends, and by the same amounts approximately. This puts them 
all in double curvature, and makes a point of contrary flexure occur at their centres. All 
members meeting at a joint, therefore, resist this bending action of the members from eccen- 
tric position, in proportion to their relative rigidities. The angular movement of the joint 
would be the same for all the members meeting there and would be resisted by all, acting as 
beams fixed at one end (the joint) and free at the other (the middle section of the member 
where the moment is zero, it being a point of contrary flexure). The angular change at the 
joint would then be the deflection of the points of inflection (middle points), divided by the 
half lengths of the members. Whence if /= this half length, we have for the angle 

; me Pls Talis OGY ; 
through which the joint has turned, a = nik a sol gas Bi where MW, is the moment at 


FIG. 21%; 


the joint carried by one member. Whence we find 


Ela 
M, — 3 ] alee ° ° ° ° ° . . ° e ° e ° (35) 


Since EZ and a are the same for all the members, we see that the several members meet- 
ing at a rigid joint will share the total bending moment developed at that joint directly as 


their moments of inertia and inversely as their lengths, or as 7. To divide this moment prop- 
erly among the members meeting at the joint and rigidly attached, we have only to take out 


Z for each of these members and divide the total moment amongst them in proportion to 
l 


these values. 
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In the example taken we have for the moment of inertia of the chord 137.6, the length 
of a chord member being 5 feet. The moment of inertia of one web member (two angles), in 
the plane of the longer leg, is 8.0 and its length is 7 feet. 

We have then 


For each chord member 


= 27.55 


ip 
ig 
7 = II. 

There being two members of each kind meeting at this joint, the total sum is 57.2. Therefore 
each chord section takes 378 = 48 per cent, and each web member takes 45 = 2 per cent of 
the moment coming at the joint. 

This result shows at once that we might have assumed at the start that the moment 
was wholly resisted by the chord section without appreciable error. 

The total moment at the joint has been found-to be 206,000 inch-pounds. Forty-eight 
per cent of this is 98,880 inch-pounds. This is the bending moment resisted by the chord 
section. The stress on the extreme lower fibre of the web of this member, which lies 8.16 
inches from the neutral axis, is 

j= My, 98,880 X 8.16 
Seed oT 137.6 
in the extreme bottom fibres of the top chord, being tension on one side of the joint and 
compression on the other. 

Since the chord stress for which this member was designed was probably about 7500 lbs. 
per square inch, we see that the secondary stress with this apparently favorable arrangement 
of the web connection gives rise to secondary stresses 78 per cent as large as the primary 
stresses which were alone taken into account in the computation. In other words, the actual 
maximum fibre stress is nearly twice as great as that for which the structure was designed. 
Since it is not uncommon to find riveted structures with joints much more eccentric than the 
one here computed, the importance of avoiding such eccentric combinations is patent. 

In the computation of secondary stresses arising from the non-concurrence of the gravity 
lines of the assembled members no great error will be made if it be assumed that the heavier 
and more rigid members take all the moment. 

In computing this moment take a centre of moments at the intersection of all the forces 
but one (if possible), and then the moment developed is the remaining force into its arm. If 
a centre of moments cannot be chosen so as to leave out but one force, then the products of 
all the remaining forces inte their several arms are found and the algebraic sum taken. This 


= 5850 lbs. per square inch 


: ie : : cee: 
moment is then divided amongst the members in proportion to the quantity 7 for the several 


members. If some of the members are free to turn at the other ends, then their full lengths 
are to be taken, while for those members which are rigid at both ends one half their lengths 
are used for 4 If all members are alike in this particular, either all free or all rigid at their 
opposite ends, then their full lengths can be used, as the reactions will be the same whether the 
full lengths or the half lengths be taken. The moments of inertia must be computed for the 
sections at or near the joints. 

155. Members not Loaded Symmetrically with reference to their Centre of 
Gravity Lines.—This is a simple case and one not requiring any extended discussion. The 
bending moment is in all cases equal to the total load (pull or thrust) on the member into its 
arm, which is the perpendicular distance between the centres of gravity of the applied load and 
of the cross-section of the member. The bending will bein the plane of this lever arm, and the 
stress resulting from this eccentric loading is given by the general equation (4), the negative 
sign in the denominator to be used when the member is in compression and the positive sign 
when in tension. 
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156. EXAMPLE 8. What ts the greatest secondary stress in one of the angle-irons shown 
im Fog. 211, due to its being attached by one leg only, when the compressive load upon it is 7500 
los. per square inch or 18,750 lbs. on one angle. 

Equation (4) now takes the form 

M, 9; 

Ts 
Ee 10£ 

Since the load P may be supposed to be concentrated at the centre line of the wide leg, 
which is riveted to the chord, the eccentricity is therefore for this angle iron but 0.61 inch. 
The moment is 0.61 & 18,750 = 11,440 inch pounds = /,. The distance from the centre-of- 
gravity axis of the angle to the most compressed fibre is 0.8 inch, and J = 1.94. Hence we have 


ff, = 


—— 11,440 x 0.8 ba g150 
a Boe iee7 sO 7050. a T.O4 47 6220 lbs. per square inch. 
280,000,000 


If the two angles forming one member are attached together at intervals throughout their 
lengths, they would mutually support each other, since they would tend to deflect in opposite 
directions. This would prevent the developmeut of the secondary stresses here computed. 
For this reason angle-irons when attached by one leg only should always be placed in pairs, 
and then attached together throughout their entire lengths. 

157. EXAMPLE 9g. Find the shearing stress on each rivet in the attachment shown in Fig. 
212. Let the force P acting in a direction parallel to rivets 2 and 4 be 15,000 lbs. This isa 
common case in practice where a I-inch square lateral rod is held with x3 
four $-inch rivets, giving 3750 lbs. to each. Let the eccentricity, a 4 
in the figure, be 4 inches. Then the force P may be replaced by 
the equal force P’ acting at the centre of gravity of the rivets, and 


a moment of 4 X 15,000 = 60,000 inch-pounds. This moment is o\p' 
resisted equally by the four rivets, giving rise to equal shearing <a 
stresses in the direction of the several arrows, or circumferentially Fic. 212. 


about the centre of gravity of the rivets. The lever arm of these forces, taking the rivets as 
placed at the corners of a square § inches on a side, would be 3.5 inches. The shearing stress 


on each rivet, therefore, to resist the moment, would be 5 = 4300 lbs. Therefore 
a 
The shearing stress on rivet I = 3750 + 4300 = 8050 pounds. 
73 iT: “ “ 66 2 and Ae V(3750)" + (4300)’ — 5710 ‘“ 
“cr 6c 6“ 6“ 66 2 — 3750 — 4300 —_— — 550 “ 


The minus sign given to the shearing stress in rivet 3 indicates that the shear on this rivet 
is opposite in direction to that in rivet 1. The shearing stress on rivet 1 is thus shown to be 
more than twice as much as it was designed to carry, and it is liable to work loose. 

158. Secondary Stresses due to Rigidity of Joints.—Whenever a framed structure 
deflects under a load all the angles of intersection at all the joints would be changed by very 
small amounts if the members were free to turn at the joints. To be perfectly free to turn 
these members would have to be hung on knife-edges. Pin-connected bridges have generally 
been supposed free to turn at the joints; but this is not the case. There may be a slight 
rocking of the member about the pin from the looseness of the pin in the hole, but the 
maximum play allowed now in good work is so small as to be practically zero. For pin-con- 
nected structures, however, the members are comparatively narrow, so that y, in formula (4) 
ig small. For the ordinary proportions also of height and panel length to span the angular 
change is so small that this source of secondary stresses may be neglected. In riveted work, 
where wide plates are used, they may be much larger. Such stresses need never be computed 


for pin-connected bridges. 
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CHAPTER Keo: 
SUSPENSION-BRIDGES. 


159. Introduction.—Suspension-bridges of a crude form have been in use from the 
earliest times. The first long-span iron bridges were also of this type, the suspension-cables 
being composed of chains, iron bar links, flat bars with pin connections, and finally of iron 
and steel wire. Sir Thomas Telford and Sir Samuel Brown greatly developed and improved 
the designs of suspension-bridges in England from 1814 to 1830, while Mr. J. A. Roebling 
adapted this style of structure to both highway and railway service in his famous bridge over 
the Niagara River in 1852-5. Telford’s and Brown’s bridges were built without the use of 
stays, as shown in Fig. 213. This is a span of 432 feet, built by Mr. Brown in 1829, the cable 


Fic. 213. 


being composed of flat wrought-iron bars. Fig. 214 is a view of one half of the Niagara bridge 
as it was originally constructed, the span being 821 feet. Diagonal stay-cables are introduced, 


1 


BO 


Fic. 214. 


and the trusses are exceptionally strong, having a height of 18 feet out to out. The sag of 
one cable is 54 feet, and of the other 64 feet ; each is composed of 3640 No. g iron wires.* 
When the suspension-cables are made of a high-grade steel wire having an average ulti- 
mate strength of some 160,000 lbs. per square inch, and which may be dimensioned for a maxi- 
mum working load of 40,000 lbs. per square inch, there is great economy in this style of con- 
struction. When the material is disposed in small wires, however, presenting a very large ratio 
of surface to sectional area, it must be protected more perfectly from corrosion than is 
necessary when the material is disposed in larger members. When so protected, a long span 
can be built on this principle, for highway traffic, for a much less sum than would be required 
for any form of truss-bridge to carry the same loads. To stiffen a suspension-bridge suf- 
ficiently to carry train loads adds so greatly to the cost as to make it inadvisable to employ 


* This bridge has now been reconstructed by Mr. L. L. Buck, M. Am. Soc. C.E., by replacing the stone towers by 
steel construction, the wooden stiffening truss by one of steel, and omitting the stays altogether. 


—_—_-- 
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it for railway purposes except for the very longest spans, as in the case of the proposed 
bridge over the Hudson River at New York City. Here the span is 2850 feet, and provision 
is to be made for carrying six tracks, with a possible increase to ten tracks if required. For 
highway purposes suspension-bridges can be judiciously used for spans exceeding 300 or 400 
feet. If the locality is adapted to the use of metallic arches, these could well be employed 
for spans of from 300 to 500 feet. For all spans of greater length than 500 feet for highway 
purposes the suspension type of bridge should perhaps always be employed. 


THEORY OF SUSPENSION-BRIDGES. 


160. Stress in Cable for Uniform Load over the Entire Span.—For this loading the 
curve of equilibrium is a parabola as shown in Art. 49. It may be proved directly as follows: 


Fic. 215. 


Let Fig. 215 (a) represent a suspension-bridge uniformly loaded with a dead load w anda 
live load p per foot. Let /= span, and v = sag, or versed sine of curve. In Fig. (6) let the 
left half of the bridge be removed and replaced by the force /, this being the stress in one 
cable at bottom where it is horizontal. Let O be taken as the origin of co-ordinates. Take 
moments about any point in the cable as P, whose ordinates are PD = y, and OD ==4. Then 
we have, for the external forces acting on the left of the section through P, since the moment 
here is zero, 


w+ p\x* ae ee 
Fy eee es or ae rieg Pee ey eta ee, 1) 


which is the equation of a parabola referred to its vertex. 
To find H take moments about A, the top of the tower, and we obtain 


Hes (ote) or (gia5| eee nS eer aa ens C2) 


2 /8v’ 


Using this value of // in eq. (1) we have, as the equation of the curve of equilibrium for 
a load uniformly distributed along the horizontal, referred to its lowest point, 


Ue 4 
2 — . ° . ° ° ° @ ° ° ° ° cy 
dae oe HR 3} 
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In such a curve of equilibrium the stress is simple tension, and ¢he horizontal component of 
this stress 1s constant. This must be so since the external forces acting on the cable are all 


vertical, having no horizontal components. Hence 


Uige Vax + dy’ 
The tension in cable = Hseci= H == flee AE 


iEIOE ae (4) 


7 2 
The tension in cable at towers = H sec i =(242), if = (=) 5 ad rma 


where z = angle of cable with the horizontal. 

161. Stiffening Truss for Partial Loads.—When the cable is not loaded uniformly 
over its entire span it will swing into a new curve of equilibrium for that load, if this action 
is not resisted in some way. It is resisted by a truss either along the roadway or attached 
to the cable itself, or both. The object of the truss is only to distribute the load uniformly 


over the cable, and not to assist in carrying it to the abutments. The truss should be made to 
deflect so little that, as compared with the free movements of the cable, it will be relatively 
rigid ; that is to say, its deflection, up or down, at any point under a concentrated load will be 
very small as compared to the deflection of the cable at that point under this loading, if the 
truss were not used. Whenever the truss is reasonably efficient in preventing unequal dis- 
tortions this condition of relative local rigidity holds true, and hence the conclusions based 
on this assumption are correspondingly correct. 

In the following discussion the load is supposed to rest primarily upon the truss, as shown 
in Fig. 216, and the truss is supposed to distribute this load evenly or uniformly upon the 
cable. Whatever the contingencies of loading, therefore, che stress in the hangers ts assumed 
to be constant from end to end of the span. 

A further assumption is that the cable stretches very little for any given unsymmetrical, 
load, so that when this load is uniformly distributed over it by the truss, its vertical deflection 
at the centre is insignificant as compared to the vertical deflection of the truss acting alone 
under this same total load. The former assumption referred to a deflection of the cable at a 
given point, under a concentrated load there, due to deformation, or change of shape, if acting 
alone, while this assumption has to do only with the symmetrical deflection of the cable due 
to its elongation. The deflection of the truss is very small as compared to the former, and 
very large as compared to the latter. 

If, therefore, the cable does not appreciably increase its sag, for the assumed distribution 
of the concentrated loads, then the cable may be assumed to carry all this live load, while the 
truss merely serves to distribute it. But the condition of equilibrium of the external forces 


Fig: 217. 


acting upon the truss requires that the sum of their vertical components and of their moments 
shall be zero, 
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The forces acting on each truss are: 


Ist. A uniform downward load of f lbs. per foot over the distance x from the right 


support. 


2d. A uniform upward pull of g lbs. per foot from each cable, over the entire span. 
3d. The two end reactions, X, and X,, for equilibrium. We have assumed that 


This satisfies the condition of equality of vertical components of external forces without 
reference tothe end reactions. But the centre of gravity of the downward forces pe is from 


B, Fig. 217, while that of the pullof the hangers is at the centre of the span. These being equal 


; _t—4£ 
and opposite non-concurrent forces, they form a couple whose arm is , the moment being 


a4 
ay 2 
reactions having the arm /; hence these reactions are equal and opposite, and equal to 


) This couple can only be balanced by another couple composed of the end 


ee — x), 
or 


—R=+R,=F0-2) Arte PE RS es ( 


We now have all the external forces which act upon the truss and are prepared to find 
the maximum moments and shears coming upon it, for the uniformly distributed moving load 
p per running foot. Since the end reactions are both positive and negative for different 
loadings, the truss must rest upon the piers and be anchored to them sufficiently to resist the 
maximum negative end shear or reaction. We will first find what position of load gives 
maximum shears and moments, and then find values for these maxima. 

Let the load extend from the right support to a distance x towards the left, as shown in 
Figs. 216 and 217. : 

Let z be the distance from the right support to any section, so that ¢ may be greater or 
less than x, and may vary fromotoZ The distances x and 2 are always measured from B. 

162. Discussion for Maximum Shear.—The general equations for shear (positive shear 
being that which acts upwards on the left) are, for one truss, 


Sico= — R, +l — 2) 2-4) eh Cty a re (8) 


Seer tio( 112). 


ies 
Substituting ee for g and Le) for.R,, we have 


wee Le. 
Sie Syke, aan ra ey SOY RC Ss he) 3" 9 (9) 


Soros oy(e +! — 28) Sy ee ee ee ee | 
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If we take first a given load, 22" and let it remain stationary while our section, 2, varies 


from 0 to 4, using eq. (9) from 0 to x, and eq. (10) from x to J, we see by inspection that the 
shear is a minimum (neg. max.) for z =o and for g = 4, and a positive maximum for z= ~. 
Thus for z = 0 and z = / we have, from eq. (9) and (10) respectively, 


pe 
SS ql a) eae oe si 0) oles Boe, Stouts (11) 
for negative shear, 
and for = x we have Sa) ee ee Sr 


for positive shear. From these equations we see that ¢he shear at the head of the load is 
always numerically equal to, but of opposite sign from, the shears at the ends of the span, and 
that these are the maximum shears on the truss for a continuous load from one support. 
If we let the load move across the span, making x vary from o to Z, we can find from 
eqs. (11) and (12) the positions of load giving maximum positive and negative shear. 
Thus, from either eq. (11) or eq. (12), we have 
as l : 
7. =O0O=24—4 or x = — for shear a maximum, 
ax 2 
or the greatest shears all occur when the bridge ts half loaded. 
Substituting this value of x in either of the eqs. (11) or (12), we find the Maximum Post- 
tive and Negative Shears im one truss at both the ends and the centre to be Appl; or, in general, 


Maximum Shears = spl. 2 1. 6 ww ww. (13) 


To obtain the maximum positive shear at any point distant z from the right support, we 
must study the three conditions indicated by equations (9), (10), and (12). Thus for the 
maximum shear at the head of the load, putting z= A#/ to adapt our results to all spans, 
we have 


Z 
Stax = Ege — 42) vg le Ss eee Sees en aS) 


Is 
= fF for graphical representation in Hig. 217a*. 


This locus is the parabola ACB, while for a load from the left the shear would be negative 
and given by the curve AC’B. 

To find the maximum negative shear for the right half of the span, when the load comes 
on from the right, we have z < # as given in eq. (9). To find the position of this load which 
will give a maximum shear of this kind, at any point z under the load, we must solve (9) for 
Sa maximum for # variable, and obtain 


aS: < x 
<==0 =2%—/—2z, or pee dag! 
ax 2 


ssa: Sanaa 


* The diagrams in this figure are due to Prof. M. A. Howe. 
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Substituting this value of x in (g) and putting z = £/, we find 
pl a 
Max. Sy <x — 76 (4% = 4k pee 1) ° ° e e ° ° ® ° . (B) 
pl d : 
=i6"— 1) for graphical representation. 


This is the curve EF’ in the figure. Evidently for a load from the left we would have 
had similarly the positive shear curve DZ. 


BiGes21 7a. 


To find the maximum negative shear on the left half of the span we would have to take 
2 > x, ortake our section in front of the load coming on from the right. This is given in 
equation (10). Treating this as before, we find 
US Bao 22—T1 
on BO Se ia 2 Ol Lue nee 


% 


which substituted in (10), and putting z= kl, gives 


1 
ge a ne en ee 


a= SEE ML Le 


which is the same as(B). Therefore this locus D’E is symmetrical with F’Z, and for a load 
coming on from the left we have FE symmetrical with DE&. - 
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163. Discussion for Maximum Moments.—Referring again to Fig. 217, we may write, 
for the moments in one truss at any section 4, 


Mex — Rit 2) +E SPP ee 


and 


Mise — Ril a) Ec 


Substituting the values of R, and g, we obtain 


My<x= “(1 —F)e— 2) vs Cats eae cette ion oman) 


M>.= El — aa — 2), METRES Sees 517) 


By inspection we see that when z = x, or when the section is taken at the head of the 
load, the moment is zero by both equations. Also, that when z < # the moment is positive, 
and when z > + the moment is negative. Therefore, the head of the load ts always a point of 
contrary flexure. And since we have already learned that the shear here is always equal and 
opposite to that at the two ends, we see that both the loaded and the unloaded portion of the 
span can be treated as a simple truss uniformly loaded. This leads us to conclude that the 
maximum moments occur at the middle parts of the loaded and of the unloaded portions, the 
former being positive and the latter negative moments. This same conclusion could have 
been reached by a discussion of eqs. (10) and (17), as was done in the case of shear with eqs. 


(9) and (10). 


These maximum moments are 


De z 
M _« =f (, _ 4), ° ° . ° ° ° ° © ° . ° (18) 


Mf Ce. 


To find for what position of load the downward bending moment under the load is a 
maximum, put the first differential coefficient of eq. (18) equal to zero, and find 
aM PE 3px 


=10.> 


ie Si ee whence. (= 40 eo tee (20) 


Doing the same for eq. (19) to find position of load for maximum upward bending 
ahead of the load, we have 


d. 
Se oie) ee whence 34 = 27.0 ee ee eee (21) 


Therefore, the maximum downward moment occurs at the middle of the load when it extends 
over two-thirds of the span, and the maximum upward moment occurs at the middle of the un- 
loaded portion when the load extends over one-third the Span. 

Inserting these values of x in eqs. (18) and (19), we find 


f } oe 
Maximum downward moment in one truss = a J Volk ee ee (22) 
Vf 
a upward n PS aa a a ee ee ees) 
For a load per foot, on two simple trusses of length /,the bending moment at the centre 
i 
of each would be a 
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In other words, the maximum upward and downward moments are equal, occur at the one- 
third and two-thirds points, and are about one-seventh the maximum moment due to the same unit 
load acting over the same span when unsupported by the cable. 

The maximum shears were found to be ;4//, or just one-fourth what they would be on 
simple trusses of the same length. 

To obtain the maximum positive (downward) moment at any section under the load 
distant z from the right support, find from eq. (16) 


NTE OT 
a oe or «=4(l+2). 


Substituting this in (16), we have 


ee ee ey aa tive ee) 


162 16 
pe : Ng tet oy 
— ae for graphical representation in Fig. 217a. This locus is 


the curve AGH for a load coming from the left and BKA for a load from the right. 
For the maximum negative (upward) bending moment on the unloaded portion we have 
from eq. (17) 


NY 6 : z 
= Ol 2 — rs — | 4 OL 4 =. 
ax ae 2 


Substituting this in (17), we have 


ia 
Max. Mi>2= — 20-2) = —S er -#) 


2 


= a for graphical representation in Fig. 217a. This locus 
is the curve AG’H’ for a load from the right and BXA’#’ for a load from the left. 

Since all parts of the stiffening truss in a suspension-bridge are subjected to both positive 
and negative moments and shears, in all parts of its length, the maximum shear occurring at 
both ends and at the centre, and the maximum moments at the one-third points, it is common 
to dimension all parts to carry these stresses, thus making uniform sizes throughout the entire 
truss. 

It should also be noted that in this case the shear in the truss from live load is not 
affected by the amount of the dead load, this latter being suspended wholly from the cable. 

If the span is very long, the actual maximum moments and shears may be taken out for 
all sections by the use of eqs. (11), (12), (18), and (19), and the members proportioned 
accordingly. 

If the stiffening trusses be proportioned to carry safely the moments and shears here found, 
there will be no necessity for the use of stay-cables. In most cases in practice, however, the 
trusses are not as strong as here assumed and the use of stay-cables becomes necessary. 

164. The Action of Stay-cables.—It is common to use stay-cables reaching from the 
tops of the towers to the bottom of the stiffening truss out to about one-fourth the span from 
the towers. At this point the stays become tangent to the main cables at the towers. The 
stays are superfluous members, and when introduced the distribution of the load must be deter- 
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mined by the principle that it divides itself amongst the systems in direct proportion to thei 
relative rigidity or inversely as their deflections. 

We will now find the deflection of any point of attachment of a stay, as 5, Fig. 218, 
resulting from assumed changes in unit stress in the several members of the systems. A load 
placed at B may pass up the hanger to the cable and thence to the tower, or it may pass 


! 
beac nea ORT! 


a Be 


Fic. 218. 


up the stay to the tower, causing tensile stress in both the stay and the bottom chord 
of the truss to the right of B. Since the greatest proportion of the load at B will come upon 
the stay when the cable deflects the most at this point, which will be when the bridge is 
fully loaded, we will assume this condition in the following discussion : 

The problem is, therefore, to find the deflection of B in terms of the increase in the unit 
stress in hanger and cable (df, and df.) for a full live load over the whole span, and then the 
deflection of B in terms of the increase in unit stress in stay and bottom chord of truss 
(df, and df,) for the same full load. Then, by placing these equal to each other, since the two 
systems are rigidly attached, decide how the load at B divides itself between the two systems. 
It will remain then to compute a table of numerical coefficients for different positions of B 
on the outer quarters of the span. The following notation will be employed : 

Lets ¥7 = length of spans 
v = sag at centre = the vertical projection of the stays; 
(xy) = coérdinates of the parabolic curve referred to O; 
/, = length of cable between towers; 
= length of stay ; 
4, = length of hanger ; 
4, = length of bottom chord of truss between symmetrical hangers ; 
dy = deflection of cable at B; 
dv = deflection of cable at centre; 
adh = stretch of hanger ; 
dv, = vertical deflection at B from stretch of stay ; 
dv, = vertical deflection at B from stretch of lower chord of truss ; 
af., af,, U,, af, = changes of unit stress in cable, hanger, stay, and _ truss-chord, 
respectively, due to live load ; 
& = the common modulus of elasticity of cable, hanger, and stay; 
£, = modulus of elasticity of truss chord. 
165. Deflection of the Cable System for Full Loads.—The length of the cable, in 
terms of / and v, expressed bya series and the first two terms used, as may be done when v7 is 
small as compared to 4 is 


Lalt 


8v" 
3 y . 9° 2 ° eo fe} cs) se e fo] ° 3 ° (24) 


The equation of the curve referred to 0, as an origin, is 


4v ‘ 
Y= ple — +’). 4 Yy a. 0 ’ ie) -) ? eo 2 3) 2) (25) 
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To find the relation between small changes of length of cable and of sag at the centre we 
may use the methods of the calculus. Differentiating eq. (24) for /, and v variable, we have 


16 ¥v 
ie a eh ae Siete sea » (26) 


Doing the same with (25) for y and v variable, we have 


ay == AG = CON LOE 0 6 <= @ “e © oe (8 «6 (s) Ke (27) 


whence 


3 2 
Ups rips coe tes POE aie ter Gach sae, eh ACL) 


But a, is the change in length of the cable due to a change in unit stress in it of df., or 


d, f v 
te 1L: (= 12 


e= FA ae ak ipamee ea eceee ar 


whence 


dy = |S x) 4 Nes Os eat ac (30) 


This is the change of sag, or the deflection, of any point in the cable (zy) due toa change of 
unit stress in the cable of df... 
The deflection of B due to the stretch of the hanger is 


Df, af, d 
Cee ea ete Shes) | ae ean 


The total deflection of B due to the cable system is therefore dy + d/,, as given by eqs. 
(30) and (31). 
166. Deflection of the Stay System for Full Loads.—The length of a stay in terms 
of v and # is 


Ui i fs 


s 


whence 


i eee peg i 
i Dae a2) iy ae Vv a (32) 
This is the deflection of B due to a stretch of the stay OB. But the bottom chord also 
stretches between the corresponding stay attachments at the two ends, which allows of a 
corresponding diminution in x, for when BC increases, AB decreases by a like amount. If the 
truss were rigidly fastened, or buttressed at 4, we might assume a compression in AB; but 
although it is anchored down at A, it must be allowed to expand and contract from tempera- 
ture, and hence the anchor-rods permit of some longitudinal motion here. We are now 
solving for a full load, and hence the stays will pull symmetrically on the bottom chord. 
When one end only is loaded, the loaded end of the truss is pinned fast to the pier by the 
load, while the opposite end is swung free: The stays at the unloaded end also are slack since 
the truss is here deflected upwards, and hence they cannot counteract the horizontal pull in 
the stays at the loaded end. In this case the horizontal component of the stress in the stays 
is taken by the bottom chord in compression from the foot of the stay to the pier at that end, 
provided it is held to place here. This case will be discussed below. 

If weassume, for full loads, that about five-eighths of the length of the bottom chord is in uni- 
form tension, from the stays, of @/, per square inch, the equations will be simplified, and with no 
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d, : aoe 
appreciable error. The stretch of bottom chord will be, therefore, 2, and since this will 
zt 


be the measure of the dzminution of x, we may write 


Yi 


But from the triangle AOB we have v’ = /, — x’, whence 


Loe, He oe 
au: —_— — Bie lou" =, ° ° ° e ° ° ° ° ° ° (33) 


This is the deflection of B due to the stretch of the lower chord. 
The total deflection of B in the stay system is therefore dv, 4- dv,, as given in eqs. (32) and 
(33). We are now prepared to compare the deflections of the two systems. 
167. Comparison of Deflections in the Cable and Truss Systems for Full Load.— 
By giving to « and v values in terms of / in eqs. (30), (31), (32), and (33), we can obtain 


d, 
numerical coefficients for the expressions aa Oe a D and = , these being the values of 


the stretch from full live loads in the cable, i hangers, the ee: and the lower truss chord, 
respectively. In the following table such coefficients are given for x = 4k, 4, 3%, and 4 of Z 


Z Z 
and also for ele and = 16, these being about the limiting values of the ratios of length 
to versed sine for good practice for long spans. 


TABLE OF DEFLECTION COEFFICIENTS OF CABLE AND STAY SYSTEMS FOR FULL LOADS. 


df. ttn df, afe 
Coefficients of ¢—, le Fz and es for dy, dh, du,, and du. 
Items. 
U = Pel. v= zel. 
w= Pel, | Ie RL Weel teas Nea | ee I ee 7 
Deflection of cable = ay... Sooocdo omens! Oss 1.01 Th VID Tee 2 Q.71 1533 1.89 227, 
Stretchioivhan ger — dips eee 0.06 0.05 0.03 0.02 0.04 0.03 0.02 0.01 
Deflection from stay = dvs..............4. 0.13 O}52 7/15 O. 0.83 0.12 0.31 0.62 1.06 
Deflection from truss chord = dy.......... 0.24 0.47 0.70 0.92 0.31 0.62 0.94 1.25 


Before we can use this table we must decide what the changes in unit stress will be in 
the several parts. The dead load is supposed to rest wholly on the cable and hangers, the 
stays and truss being without stress. The dead load may also be taken as equal to one half 


w 
the live load, or s = sr: Hence the change of stress in the hangers and cable for full live 


load will be two-thirds of the total stress, or say 24,000 lbs. per square inch. The stays may be 
stressed to 40,000 lbs. per square inch, all of which is due to live load. The bottom chord of the 
truss, if of structural steel, may have a tensile stress of, say, 10,000 Ibs. per square inch added 
to it for live load from the stays, since there is then no bending moment in the truss to speak 
of. If the truss is of timber, then it may have 500 lbs. per square inch added to the total 
lower chord section, thus making the stretch of this member the same in both cases, since 


LE 


10,000 500 

ae = = 0000801 E 

28,000,000 1,400,0CO Ey; 

= SEE ae 
* The truss may be of timber, and hence it is necessary to use a different modulus of elasticity here. 


— 
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If we now put 
af, = af, __ 24,000 


E ~ E ~ 28,000,000 ge cOCke, 

af, Bee 40,000". 

E ~~ 28,000,000 ae i bane sien, ae S4s 
af, 10,000 500 

= . = =10,00030, 


E, 28,000,000 1,400,000 
and take / = 1000 feet, 


we obtain the following table of actual deflections: 


TABLE OF DEFLECTIONS, IN FEET, OF STAY AND CABLE SYSTEMS. 


LENGTH OF SPAN = 1000 FEET. 


F I 2 5 I Z 
Versed sine = a SE ONS See Versed sine = rE SIERO OG SS ec 
Items. 
Hagel. || eat eH. | Hs | eae | east, | eae. | wat 

ft. ft. ft. ft. hts ft. 1 ft. 
Detlection-of cablet= dy), a. se es) serie toes sere 0.46 0. 86 122 1.48 0.61 1.14 1.63 I.95 
Stretchrot hanger = a/j.210 6 cles wees sien os 0.05 0.04 0.03 0.02 0.04 0.03 0.02 0.01 
Deflection of cable system = dy + dhy......} 0-51 0.90 1.25 1.50 0.65 Ter, 1.65 1.96 
Deflection from stay = dvs........-eeeeees 0.18 0.38 Ong2 1.18 @eiiy/ 0.44 0.89 1.54 
Deflection from truss chord = dy..... .... D.O09 Orly 0.25 0 33 Ons 0.22 0.34 0.45 
Deflection of stay system = dvs dv...... 0.27 0.55 0.97 Tes 1 0.28 0.66 1523 1.99 
Ratio of cable system to stay system....... 1.89 1.67 1.29 | 0.99 232 FI 1.34 0.98 

1 J 


The last line in this table gives the ratios of the deflections of the two systems for the 
assumed unit stresses. But since these deflections must be equal in all cases, we may reason 
back to the actual stresses and conclude that the last line in this table shows also the ratio of 
actual to the assumed stresses in the stays, for the stresses in the cable system remaining constant. 
That is, if the change in unit stress in the cable system for live load is to be 24,000 lbs. per 
square inch, then the stay attached 7y/ from the pier will be stressed to 2.0 X 40,000 lbs. per 
square inch, or 80,000 lbs. per square inch; the one attached 4/ from the pier will be stressed 
to 1.7 X 40,000 lbs. = 68,000 lbs. per square inch; the one attached ;3,/ out will be stressed 
to 1.3 X 40,000 = 52,000 lbs. per square inch ; while the one attached 1/ from the pier will be 
stressed to its assumed amount. 

These results are wholly independent of the absolute or relative sizes of the stays and cable, 
and of the loads to be carried.* Therefore if these ratios of variation of working stresses can 
be allowed, the stays may be made of any desired size, independent of all other dimensions. 
The assumed variation of unit stress in the cable of 24,000 lbs. per square inch due to live- 
load only is very large. If this be reduced, the stresses in the stays will be reduced accord- 
ingly. Since the stays are no part of the main system, it is thought the stresses in those stays 
next to the piers may very well be about twice the total working stress in the main cable. 
When the stays are attached farther out feom the piers than 4 of the span, they will of neces- 
sity have a less unit stress in them than obtains for the cable, whatever their size. 

168. Action of the Stays under Partial Load.—If the live load cover only one half the 
span, for instance, then the truss is supposed to distribute this load evenly upon the cable, ana 
is therefore deflected upward somewhat on the unloaded end. This causes the stays to be 
slack at that end, and hence they cannot exert the necessary horizontal pull upon the truss to 
balance that of the stays at the loaded end. In this case the stays act exactly like the sus- 


* This is very nearly true for all practicable sizes of stays. 


176 MODERN FRAMED STRUCTURES. 


pension members in a cantilever bridge, and the horizontal components of the stresses in them 
must be resisted by a compressive stress in the bottom chord of the truss back to the pier at 
the loaded end. To prevent the truss from sliding back over the pier it should have an abut- 
ting resistance so arranged as to allow of the necessary expansion but no more, It can then 
come to a solid bearing and the stays can come into action. Since the cable system does not 
deflect at any point under a partial load as much as it does under a full load, the stays will be 
less strained under the load here taken than under the full loads already discussed, and hence 
this question needs no further consideration. 

169. Stresses in Members when Stays are Used.—Since the maximum unit stresses in 
the stays are independent of their size, so long as they do not carry the whole live and dead 
load on the parts reached by them, they can be made of any desired size. If they are all of 
the same size, they carry diminishing loads, as their points of attachment are farther from the 
piers; or if they are intended to carry equal vertical loads then they must increase in size as 
the secants of their angles with the vertical. 

Let us suppose they are intended to carry one half the live load out to the quarter points. 
Then if # = total live load per lineal foot of span, 

i ee ead sy says ie Saree mec 

ad = spacing between hangers, 

a < f stay attachments, 

P= vertical load on one stay, 

Jj = angle stay makes with the vertical, 


pa 


we have? = —— jand 
4 
Stress in Stay = = SCC J. 1. ol ee 


. Z 2 
Since the total load carried by the stays is supposed to be - a 5 the maximum load 
on each cable system is $(w + $f). Hence the 
d 3 
Maximum Load on each Hanger = “(ow +3), ree eye ae re eS) 


Also, from eq. (5), 
Maximum Stress in Cable = ow +3p)q/1 — (—) Pea he) 


The total tensile stress in the lower chord of the truss for a full load should also be com- 
puted. For this loading there is considerable bending moment in the truss, at the centre, when 
stays are employed. If the stays carry one half the live load on the end portions and reach 
to the quarter points, there would then be a uniform upward pull on each truss from the cable 
of $f per lineal foot ; a uniform downward load on the end sections of 4 per lineal foot, and a 
uniform load on the middle portion of +f per lineal foot, with end reactions of zero, under our 
assumptions. These loads would develop a bending moment in the truss at the centre of the 
pe’ 
128): 
components of the stresses in all of them is carried by this chord. The horizontal component 


When the stays are attached to the lower chord the sum of the horizontal 


span of 


. . : é a 
of the stress in any one stay which carries a vertical load of a is es tan 7, Hence we have 


Total Tension 1 hord = 32 tan 4 LO 
otal Tension in Bottom Chord mee aL di aires ae oii ts 
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The total load in each pier is the sum of all the vertical components in the cables and 
stays leading to it from both sides. If this reaction is vertical, which it always should be, 
then the horizontal components on the two sides are equal. 

If the shore cables and stays are all symmetrical with those on the suspension side (which 
is likely to be true of the cable but not of the stays), then the vertical components on the 
two sides are also equal. Now the vertical components on the span side are equal to the load 
carried; hence we have, for symmetrical arrangement on span and shore sides of pier, 


Total Load on Pier = a(p + ws ENP -H20)/ ye eee Necttou oan (5O) 


and if each pier is composed of two towers, then 
oval Load on Once! ower =4( PE W)le tie Ma Ha etc: Pe 0 Mave cote AAO) 


170. The Direction and Amount of Pull on the Anchorage.—The horizontal compo- 
nent of the pull on the anchorage is equal to that at the centre 
of the span, as given in eq. (2). The vertical component is 
equal to the horizontal component into tan z, where zis the y 
angle the cable makes at the anchorage with the horizontal. -a 

Referring to Fig. 219, and taking moments about C, we —— a 
have FIG. 219. 


D 
15(, Nghe LY 


=ONmOr Gy o= Hy eae (41) 
where s is the load per foot horizontal coming upon the cable on the shore side, including its 
own weight (and which may be simply its own weight); H is the horizontal component of 
the pull in the cable, which is constant from one anchorage to the other under vertical loads ; 
V is the vertical component of the stress in the cable at the point O, which will be taken as 
the origin of co-ordinates, at a distance D from the pier, and at a height v below the top of 
the tower. 

Taking moments about any point in the cable, as P, remembering that there is never any 
moment inthe cable itself, we have 

yee on or y= Fe (42) 
ly ae Se hair mise ea 

Equating (41) and (42) we find the equation of the curve of the cable on the shore side 

to be 


fea al Soa i. hee eal on ce ahem ES 


To find the angle it forms with the horizontal at any point we have 


ay _ ae PES |) 
em Hi lita 2 eee 


Hence, for x = 0, or at the anchorage, distant D from the pier, we have 
. Vas) 
tan. Z, —_ D a 2H ° ° ° ° e e ° ° ° e . (45) 
Now ~ is the tangent of the angle a straight line through O and C makes with the hori- 
D 


zontal, and when the load on the cable is small on the shore side, or when sD is very small as 
esc with 2H, then the cable will deviate very little from a straight line on the shore side 


of the pier. 
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The vertical pull on the anchorage is, therefore, 


Jaf tan te = oe —— = . ° ° ° e on © . @ e ° (46) 


The angle of the cable on the anchorage side at the tower is found from eq. (44) by 
making + = D, whence 


D 
tan angle i at tower = 45. . err A 4, 


This angle should be such as to produce a vertical reaction in the tower. To accomplish 
this it may be necessary to transfer some horizontal components of stress from stays to cable 
on the saddle, which may be done through their frictional resistance to sliding without any 
special means of attachment. 


NotTe.—While the above analysis shows that composite structures may be computed and stresses found 
on any given assumptions, it must be borne in mind that a structure like a wire cable suspension-bridge 
does not admit of very nice adjustment of initial tension amongst its members, or of very rigid joint 
connections. Therefore, even though the engineer succeeds in obtaining the proper distribution of loads 
on the completion of the structure, it is not likely to hold this adjustment any great length of time. 
Hence it is common practice to dimension the members on the assumption that it is to act as a simple 
structure, and then the superfluous systems serve as so much additional factor of safety. 


wl 


tiene —? Pa ©, 
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CHAPTER XII. 
SWING BRIDGES. 


171. General Formule.—A swing bridge when closed is ordinarily a continuous girder 
of two or more spans. If the ends of the arms are almost touching their supports, without 
producing any end reactions from dead load, the span is balanced over the centre, and the 
continuity of the two arms makes the bridge simply two cantilevers balancing each other. 
When the live load comes on one arm, that arm is immediately deflected until it finds an end 
reaction. The unloaded arm rises and still has no end reaction. If the live load covers both 
arms and is symmetrical about the centre, there may still be no end reactions. The bridge 
then becomes a tipper, and the condition which then obtains is the same as in a locomotive 
turn-table. This condition, however, will not be discussed here, as it does not properly come 
under the head of swing bridges. 

In order to simplify the problem, and at the same time make it general in its application, 
let us assume the bridge closed, with the ends raised by raising their supports; then the 
reactions become functions of the elasticity. If we assume the supports as unyielding, the 
distortions of the bridge proper need only be considered.. In what follows, the usual assump- 
tion of constant moment of inertia is made. This assumption, although not true, is an error 
on the safe side, and is the only one’ practicable in computing the stresses. 

For a beam continuous over three or more supports, the “ Theorem of Three Moments’ 
applies (eqs. 14 and 14a, p. 137), and will enable us to find the moments at the supports; from 
these the reactions, and finally the stresses. Since all loads are given over to the trusses as 
panel concentrations, the equation (14a) for concentrated loads will be used. This equation is 


’ 


M, .f,-,+2M2,..+44+ 4,44 = — 2F, 07, (2 — RF) ze =Pl’ (2k — 3k +), (1) 


in which M/,_,, W/,, and 1/7,,, are the moments at the (7 — 1)th, 7th, and (7 -+ 1)th supports, 
respectively, beginning on the left hand; Z_, and Z. are the lengths of the (7 — 1)th and 7th 
spans; Pr — 1 and Pr are any concentrated loads on these spans; and #/= a is the distance 
from the load to the support on the left. 

172. For a Continuous Girder of Two Spans.—Fig. 220, WM, and &, are both zero. 
Making 7 = 2 in eq. (1), and assuming load /, on one arm only, we have 


- —a=kl;—Ip 
A B Cc 
Oe ee ee eee 
Fic, 220. 
BML hy — Pb — FB). 
Pl ) 
eo. M, a * (k = R°). Oe er) 6) fe @) (© “Ge 6 (2) 


2(2, + 4) 
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Passing a section at B, and equating the moments of the forces to the left with 2 as a centre, 
we have also 


_M,+P,-2) 
— mw oo 


M,=R,X1,—P(i,—a); ». R, 


Substituting value of J/, from eq. (2), we have 


Pi, 2 _ pé% 
R= ape M+R — BS. 
Wet 7. — 70e= then 
R= yaaa $2) — Ma pet on) +, oie [9h erce Benes) 


Similarly, we find 


igs 
— = =e k (38 9 e e e e e e e ® e e e e o ) 
K, 21 + at ered (4) 
and from = vert. comp. = 0 we have 
R,= P,—R,—R,3 


then substituting values for R, and R,, we have 


R, = 4h + am) — BY. £8) 9 Sy ely a Gad oh ast ot an 


For loads in span /, make 7, = n/, and make a = kl, = distance from right-hand support. 
Then &, becomes R, and R, becomes R,. 

The above eggs. (3), (4), and (5) are all that are necessary in computing the reactions for 
any continuous girder over three supports with unequal spans. 

for Equal Spans, t,=1,=1; .n=1. 


FP 

SO ite Rr; © fo OC 10 Meee e> 6 ease; oun (6) 
P 

R, = 713 — #; ° e ° oc.) Oe Fe e re) ke (7) 
ie: 

i verirpes A til ly . ° ° e ee e ° e e e ° (8) 


The above eqs. (6), (7), and (8) are all that are necessary in computing the reactions for any 
continuous girder over three Supports with equal spans. 
find the pier moments M, directly. Having once the react 
are easily found by the principles of statics, 


In any case, it is not necessary to 
ions, the stresses in the members 


ch tate 
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For a Continuous Girder over Four Supports (Fig. 221), a condition which frequently 


obtains in swing bridges, with mid-span /, unloaded, we have from eq. (1), making 7 = 2 and 
making 4, = 4, = 4, 


ea 


po ipl > = Saleliaet sar 


Fic. 221. 


QUE ENYA AL PL k Se Ys see se etse 4) 2 (O) 


and making 7 = 3, 
M/,+ 2M (0,10) = —PP(2k— 3+). « « « « « « (92) 


For convenience make 4, = be oe ue then = —. Make °— Hf; 

ae i a 3+ 82+ 4n? = H; then from 
eqs. (9), (92) we can obtain the reactions similarly as for a beam continuous over three 
supports. 


The various steps in deducing the following equations will not be given. We then have 
P 2 3 
R= Fi — (A 2m + anlye +p (20 2n'\h'$; Soq'eh om od cone, sao) 
P 2 3 2 
R,= F7iB+ 10” + on’ +- 2n')\k — (2n-+ 52°-+- 2n')Rt; 2. ww (ET) 
Ie 2 3 2 3 3 
Ke = Wi (a+ 3n oe 2n )e + (uz + 3n - 2n )e ie oe © e @ @ (12) 


- (13) 


For loads in span /,, a= distance from right-hand support. Then &, becomes &,, X, becomes 
R,, R, becomes R,, and Rk, becomes &,. 

The above equations (10), (11), (12), and (13) are all that are necessary in computing the 
reactions for any continuous girder over four supports, with equal end-spans, and mid-span 
unloaded,—conditions usually obtaining in a swing bridge. 

When the reactions R, or R, become minus, eqs. (11) or (12), and the girder is not held 
down sufficiently by its own weight or otherwise, the condition of the beam is at once changed 
to that of a beam continuous over three supports. As swing bridges are ordinarily built, it is 
impracticable to hold down the centre supports. This subject will be taken up again further 
on in discussing the various forms of swing bridges in common use. 

The foregoing equations are all that are needed in computing the stresses for any swing 


bridge. 
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CONSTANTS FOR REACTIONS, 7 = 1000 POUNDS, FOR BEAM CONTINUOUS OVER THREE 


SUPPORTS, WITH TWO EQUAL SPANS. 
(For loads on the left span only.) 


Ne etceteanel | Values for 4 =F. x ? * 
2 I+2 + 406.25 -++ 687.50 9305 
2 I+ 3 592.6 481.5 74-1 
2 240.7 851.9 92.6 
ZR, = + 833.3 ao = + 1333.4 Rs; = — 166.7 
4 I+ 4 691.4 367.2 58.6 
2 is 406.3 687.5 93.8 
3 168.0 914.0 82.0 
ZR, = + 1265.7 Zh, = + 1968.7 SR; = — 234.4 
5 I = 5 752.0 296.0 48.0 
2 s 516.0 568.0 84.0 
at 304.0 792.0 96.0 
4 128.0 944.0 72.0 
2=R, = + 1700.0 =Rz = -+ 2600.0 Sk; = — neo 
6 I aa 792.8 247.7 40.5 
2 . 592.6 481.5 74.1 
3 - 406.25 687.5 93-75 
4 es 240.75 851.85 92.60 
5 103.0 960.7 63.70 
: ZR, = + 2135.4 Re = + 3229.25 Sh 364.65 
7 I= 7 822.2 212.8 
za ‘ Ke) 
2 S 648.7 416.9 ene 
3 . 484.0 603.5 87.5 
4 . B32 763.8 96.2 
5 is 198.2 889.3 87.5 
aes 970.9 56.9 
’ ee SR, = + 2571.5 Zh, = + 3857.2 RZz = — 428 4 
8 I ete 844.3 186.5 30.5 
2 i 691.4 367.2 58.6 
=) - 544.5 5360.1 80.6 
4 . 406.3 687.5 93.8 
5 S 279.8 815.4 Q5.2 
er 168.0 914.0 82.0 
73-7 977-6 51.3 
: ZR, = + 3008.0 ZR. = + 4484.3 ZR; = — ee 
9 I= 9 861.5 166.0 
2 Z 27 
Z . 725.0 327.8 cae 
oe 592.6 481.5 ‘ 74.1 
: 4 e 466.4 622.8 89.2 
p = 348.4 747.6 96.0 
a 240.7 851.9 92.6 
[a 145.4 931.4 76.8 
64.5 982.2 40.7 
; ZR, = + 3444.5 Re = + 5111.2 ZR, = — 555.7 
10 ers 875.25 149.5 24.75 f 
ae 752.0 ae 48.0 
es 631.75 436.50 68.25 
a Me 516.0 568.0 84.0 
ce 406.25 687.5 93-75 
7 “6 304-0 792.0 96.0 
ee 210:75 878.5 89.25 
ie: _ 128.0 944.0 ; 
ee aay . 72.0 
5 25 985.5 42.75 
ZR, = + 3881.25 ZRo= + 5737.5 SR: = — 618.75 


Check, for any value of &, (21+ Ra+ Rs) = P = 1000 ; also, in any case [21+ SR,+ SRs = SP = Sr000 


—s eC 
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173. In Computing the Various Reactions for each truss panel point, the work will 
be very much simplified by first computing the reactions for an assumed load of, say, 1000 
pounds at each point successively. This will give constants for reactions for each panel point, 
which can then be multiplied by the ratio of the true load to 1000 pounds to obtain the true 
reaction. 


Again, as the panels in each arm are usually of the same length, 4 = ~ can be expressed 


l 
by: the fractions 4, 4, +, 4, etc. 

The table on the opposite page gives the constants for reactions for a beam continuous 
over three supports of two equal spans, from eqs. (6), (7), and (8) for values of & X / from 
I to g inclusive. 

The dead load for railway swing bridges, in general, may be obtained very closely by 
finding first the weight of a fixed span of the same length, and from this deduct the weight 
of the turn-table to be used. 

For single-track bridges, where the live load is nearly 3000 lbs. per lineal foot. 


Total weight of metal = 52? + 350/; 
« “eee turntable (generally), = 7 < 400.3 
“ “ “ metai above turn-table = 57’ — 504. 


The weight per foot above turn-table may be taken as w= 5/ — 50, where / here is the 
total length of the two spans of the swing bridge. To the above weight add 400 lbs. per foot 
for weight of track. 

For double-track bridges add from 70 to 90 per cent to the above weights. The percent- 
age to be added varies indirectly with the length of the span. The live load for highway 
bridges is the same as given in Chap. IV. 

The live load for railway bridges can be assumed as a uniform train load with one or two 
engine excesses; unless a train of engines is specified, when an equated uniform live load can 
be used. The former is the more common, and will be used in all the subsequent computa- 
tions. The excess used in each case is the difference between the maximum panel concentration 
from the engine and the uniform train load. Where two engines are specified, it is customary 
to assume the excesses to be equal and placed at the nearest panel points. 

174. Centre-bearing Pivot ; Three Supports.* Figs. 220 and 222.—-In this, the entire 
weight of the bridge when open is carried by 
the cross-beam ce’ to the pivot P. When 
closed, the ends of the bridge are raised at a, 
a’,i,and 2’. The bridge is thus a continuous 
girder of two spans for dead load, and for live 
load so long as the end reactions are positive. 
The deflection of the ends under dead load is 
very accurately computed after the bridge is 
designed, by the method explained in Chap. 
XV. After raising the ends, wedges are in- 
serted at ¢ and & and brought to a firm bearing, thus relieving the pivot P from all live load 
except the panei load at ee’. The ends are not latched down, hence there can be no down- 


FIG. 222. 


ward or negative reaction. 

To compensate for lack of proper adjustments, and also as unequal chord temperatures 
affect the deflection at the ends, two assumptions will be made in computing the dead load 
stresses: Ist, the ends just touching with no positive reactions; and 2d, the end reactions 
equal to those of a continuous girder over three supports. It is safe to assume that practically 


* For this case treated with moment of inertia of the truss variable see Art. 178@, p. 196. © 
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the end reactions will vary between the limits of these assumptions. In fact, it will be shown 
that in a properly designed bridge the ends should at all times, when the bridge is closed, be 
raised so that the end reactions will be at least a mean between those existing when there are 
no positive reactions, and when the end reactions are equal to those of a continuous girder 
over three supports. The analysis will then consider the following cases : 

Case I. Bridge swinging, dead load only acting. 

Case II. Bridge closed, ends raised, dead load only acting, continuous over three 
supports. 

Case III. Live load on one arm only, for maximum tension in lower chord and maxi- 
mum compression in upper chord, also maximum web stresses from end towards centre. 

Case IV. Live load on both arms. With a uniform live load on one arm, a train comes 
on the other arm and advances until the whole bridge is covered, giving maximum tension in 
the upper chord and maximum compression in the lower chord, also maximum web stresses 
from the centre to the end. 

The stresses to be used will be the largest of each kind obtained by combining Cases III 
and IV with Cases I or II. 

CASE J.—In this case, the two arms are simply cantilevers balancing each other over the 
centre; and stresses are easily determined by diagram, or otherwise, beginning at the end of 
the bridge where the only external force is the load at that point. 

‘CASE II.—In this case, the bridge acts as a continuous girder over three supports. As 
the two arms are equal, the constants for reactions given in the table, Art. 172, can be used. 


Let W denote the dead load per truss panel — x panel length; then, as the number of 


panels = 4, 


W W 
R, = (1265.7 — 234.4) X 000 = (00h ed 


R, = (1968.7 + 1968.7) xX “ = “ X 3937.4 


R,=R, eit gatos 


Check: (R, + R, + R,) = SW=6W. 


After finding R,, the stresses are easily found by diagram or analytically. 

CASE ITI.—In this case, we wish first to find the maximum tension in the lower chord 
and the maximum compression in the upper chord. 

* Before proceeding further it will be necessary to investigate the law of the variation of 
the moment in a two-span continuous girder due to a load at any point. Let ABC, Fig.223, 


represent such a girder. By eq. (6) the reaction at 4 
due to a load P, in the first span is 


Cc 
| 


jR 


£. 3 
a es pile =. 5k RY, 


* The following method of finding the position of live load for maximum chord Stresses, and the diagram, Fig. 
224, are from a paper by Prof. M. A. Howe on “‘ Maximum Stresses in Draw Bridges,” published in the Journal of 
the Association of Engineering Societies, July, 1892. | 
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a positive quantity for all values of £ from oto1. The moment at any point J to the left of 


P,, at adistance x from A, is equal to R, X x, a positive moment. For a point WV to the right 
of P, the moment is 


M=R,X*«—P,X (#—#) 


= Par — 2 > 


Oe rt ey en 


This moment is zero when 


a ae omisetfien colt “ope ane Coad c 2 sh eeeen emeen LIS 


To the left of this point of zero moment the moment is positive, and to the right it is negative. 
For loads in the second span, R, is negative; hence the corresponding moment in the first 
span is at all points negative. 


The value of - in eq.(15) varies fromo.8, for = 0, to 1 for £= 1. and hence all loads 


A ae : ae 
in the first span cause positive moments at all points to the left of the point where vie 0.8. 


44 


The curve of eq. (15) is given in Fig. 224, the scale for values of & and 7 


being the same as 


for £ and R, in the curves for &,. 

The diagram, Fig. 224, contains the plotted curves of eqs. (6) and (8), giving values of 
R, for values of # or 2’ between 0 and 1, and for a value of P, or P, equal to unity. The re- 
action, R,, due to any panel load, whether from live or dead load, is then found by reading 
off the ordinate to the proper curve for the value of & or &’ corresponding to the panel point 
in question, and then multiplying by the panel load. The total reaction due to any load is 
the sum of the partial reactions due to panel loads thus found. 

It is seen from the diagram that R,, for loads on the second span, is always negative, 
having a maximum negative. value of .o96 when £’ = .577. Also, that for loads on the first 
span R, is always positive, varying in value from 1 to O as & varies from 0 to I. 

Maximum Positive Moment, or Maximum Compression in the Upper Chord and Maximum 
Tension in the Lower.—It has just been shown that any load in the second span causes nega- 
tive moments at all points in the first, and that any load in the first span causes positive 


be 
moments at all points in the first span to the left of the point where i= 0.8; hence, fora 


maximum positive moment at any point to the left of this point, the second span should con- 
tain no loads and the first span should be, fully loaded. 
° a ee . 

For a centre of moments to the right of the point where im 0.8, those joints in the first 
span should be loaded for which the point of zero moments is on the right of the centre of 
moments taken. As many different loadings are required as there are centres of moments in 
one fifth the span, usually not more than one. The point over the centre support is not used 
as a centre for positive moments, as the greatest positive moment there is zero. 
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. ue 
It will, however, be shown that for all members to the right of the point where 7= 0.8, 


we can for all practical purposes assume the first span fully loaded; then for a uniform live 
load one position is all that is necessary to find the maximum compression in the upper chord 
and maximum tension in the lower. 


10 
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The position of the loads having been found in any case, the reaction R, is obtained as 
previously explained, and thence the stresses in the members. 

We next want to find the maximum web stresses from the end towards the centre. 

Maximum Positive Shear, or Maximum Tension in those Diagonals Inclining Downware 
toward the Right.—The positive shear in any panel is equal to R,, minus the loads between 
the left support and the panel in question. From this it follows, for a maximum positive 
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shear in any panel, that there should be no loads in the second span, for any load in the 
second span causes a negative reaction at the left; that all joints in the first span to the right 
of the panel in question should be loaded, for any load in the first span causes a positive 
reaction at.the left; and that no joints to the left of the panel should be loaded, for any load 
in the first span causes a less reaction than the load itself. 

The proper position of the loads and the corresponding value of R, having been founc 
for any member, the stress in the member is perhaps best found by subtracting from o1 
adding to the shear the vertical component of the stress in the upper chord member cut, thus 
getting the vertical component of the web stress. 

The stresses in the verticals corresponding to the stresses in the above system of diagonals 
should also be found. The loading giving the maximum stress in any diagonal gives also the 
maximum stress in the vertical meeting the diagonal at the upper chord point. 

CasE IV.—In the previous case, the live load was confined to one span. We will now 
assume two trains on the bridge. One train, which covers only the second span, is a uniform 
live load. The other train headed by engines is just coming on the first span and advances 
until the entire bridge is covered. 

Maximum Negative Shear, or Maximum Tension in those Diagonals Inclining Downward 
toward the Left.—The negative shear is equal to the loads to the left of the panel in question, 
minus the reaction, R,. For reasons similar to those given in the preceding case, the 
conditions for a maximum negative shear in any panel are: the second span should be fully 
loaded, and the first span should be loaded from the left end to the panel in question. The 
corresponding maximum stresses in the verticals should be found in this case also; and where 
the same one is treated in this and the preceding case, the greater of the two stresses is to 
be taken. The actual stress in any web member is found as in the previous case. 

Maximum Negative Moment, or Maximum Tension in the Upper Chord and Compression 
in the Lower Chord.—The second span should be fully loaded, for all centres of moments in 
the first span. For centres of moments to the left of the point where = 0.8, no loads should 
be in the first span; and for centres of moments to the right of this point, such joints should 
be loaded for which the point of zero moment is on the left of the centre of moments taken. 
These positions of loads follow from the reasons given in the previous case. 

As previously stated, combine Cases III and IV with Case I or II to obtain the 
maximum tension or compression in any member. it might here be argued, that when the 
live load covers the first span only, the second span may rise until the right end is lifted from its 
support. This happens frequently in swing bridges where the ends are not sufficiently lifted, 
and the conditions which then obtain are such that the first span is treated as an independent 
span for live load stresses, and the dead load stresses are the same as for Case I. In no case, 
however, does this combination give any greater stresses than those obtained by combining 
Cases III and IV with Case I or II. 


NUMERICAL EXAMPLE.* 


Let us take a bridge of twelve panels, Fig. 225, with d= 20 fi. A 120 te Oo ——wohlter and 2G, = 30) tt. 
iength of upper chord member = V (20)? + (2)? = 20.1 ft. The lengths of the diagonals are as follows ; 


aB = Bc = 32.0 aE 530.9 
6C = Cd = 33.6 AP BUS 
cD= 35.2 SG = 40.3 


The dead load above turn-table or weight per lineal foot w = 5 — 50+ 400=1550 lbs. Dead load per 
truss panel = 156° x 20 = 15,500 Ibs. The live load will be taken at 3000 lbs. per lineal foot, headed by two 
engine excesses of 20,000 Ibs. each placed two panels apart. 


* For the solution of this case with moment of inertia taken as variable see p. 196. 
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Live load per truss panel = 30,000 lbs.; live load excess per truss panel = 10,000 Ibs. 

Case l. Bridge swinging, dead load only acting.—Taking two-thirds of a panel dead load as applied at 
the lower chord points and one-third at the upper, the joint loads for 4, ¢, d, e, and f are each equal to 10,300 
lbs., and for &, C, D, E, and Fare each equal to 5200 lbs. The load at a will be taken at one half of a 
panel load. (The joint load a may be considerably more than this in some cases, owing to the weight of 


K 
k 


Fic. 225. 


locking gear, etc.) The stress diagram, Fig. 226, is then constructed by drawing first the diagram for joint 
a, where the only external force acting is the half panel load, then passing to B, 4, C,¢, etc. The diagonals 
Be and Cd are not in action in this case, and so are omitted. For a check, the stress in /g is by moments 
equal to [7750 x 120 + 15,500(1 +2+3+4+ 5) X 20] +35 = 160,000 lbs. compression. 

The dead load stresses, as scaled from the diagram, Fig. 226, are given in the second column of the 
table of stresses. 

CasEIl. Bridge closed, dead load only acting, continuous over three supports—In this case, the loads 
at a and z need not be considered, as they are carried directly to the supports. The other joints are loaded 
as in the previous case. Using the constants for reactions, Art. 173, we have for this span Ai = (2135.4 — 
364.65) X 15.5 = say + 27,500 lbs. With this value of A: and with the joint loads distributed as in the 
previous case, the diagram, Fig. 227, is drawn. For acheck, the stress in fg may be found by moments, 
Thus, 

JZ = {27,500 X 120 — 15,500 X (I +2+3+4+ 5) X20} + 35 = 38,600 lbs. 


Sg 
Case I. Case II. 
Fic, 226, Fic, 227. 


The stresses, as scaled from the diagram, Fig. 227, are given in the third column of the table of stresses. 
Case III. Lzve load on one arm only, for maxtmum compression in upper chord and maxtmum tension tn 
lower chord, also maximum web stresses from end toward centre. 
Maximum Chord Stresses. (Case II1.)-—First position of live load: engines headed toward left; 30,000 
lbs. at 4,.,d,e, and f, with engine excess 10,000 lbs. at and @. Using the constants for reactions, Art. 173, 
we have 


Ri = 2135.4 X 30 + (792.8 + 406.25) X 10 = say + 76,100 lbs. 
The chord stresses are now readily found by moments; thus, 
ab = 76,100 X 20+ 25 = say 60,880 lbs. tension. 


In the panel dc, the diagonal Bc is in action, since both live and dead load shears in this panei are 
largely positive. Hence the stress in dc is equal to that in @ = 60,880 Ibs. tension. 
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The centre of moments for BC is at c. 


20m ON 
BC ={76,100 X 2 — 40,000 x 1} x aa 83,500 Ibs. 

In the panel cd we will assume cD as acting, then find its stress, and if the result is a tensile stress our 
assumption is correct; but if not, then Cd must be in action. If cD is in tension, then the chord stress CV 
must be greater than DE. If CD is less than or equal to DE, then Cd must be in action. 

Assuming cD in action, then 


CD = BC ={76,100 x 2 — 40,000 x 1} x =< x = 83,500; 
fe ae, 
DE = {76,100 x 3 — 40,000 x 2 — 30,000 x 1} x 35% a = 82,040, 


As CD is greater than DZ, then cD must be acting. Also from Case II we see that cD is in tension for dead 
load; hence our assumption that cD is in action is correct. Therefore the stress in CD = stressin BC = 
83,500 lbs. The centre of moments for DZ and cd is at da. 


cd = {76,100 X 3 — 40,000 x 2 — 30,000 x 1} x = = 81,630 lbs.; 


DE={} Saat start XD ae x1} x x 2 = 82,040 Ibs. 


The stresses in de and ZF are found in like manner, 
For the members ¢f and FG, the centre of moments is at 7. For maximum positive moment at this 


point, those joints should be loaded for which the value of > is greater than z. From the diagram, Fig. 


224, we see that = > 2 for values of & greater than 0.44; hence, for point f, the joints to the right of the 
point where 4 = 0.44 should be loaded. This includes joints @, e, and f. If the bridge under consideration 
had only five or less equal panels in each arm, this special position of the live load would not have been 
necessary ; and it will be shown that for all practical purposes this disposition of the live load can be 
omitted in any case without altering the required sectional area in any,member. This is especially true 
when the live load is headed by heavy engine excesses. However, for this span we will find the stresses for 
ef and FG when only d,e, and / are loaded, and compare them with the stresses obtained in these members 
from the second position of the live load. Loading d, e, and f with 30,000 Ibs. at d, e, and f and 10,000 lbs, 
at dand/, we find 


Ri = {(406.25 + 240.75 + 103) X 30 + (406.25 + 103) x 10} = + 27,590 lbs.; 


20 
of = { 27,590 x 5 — (40,000 x 2 + 30,000 x 1)} x a 


— 16,940 “ 


2 66 
ie eg (x2 x XT) fx X —— + 17,020 
Second position of live load; engines headed toward right; 30,000 Ibs, at 4, ¢, d, e,and f with engine 
excess, 10,000 lbs. at d and f. 


R; = 2135.4 X 30 + (406.25 + 103) x 10 + 69,150 lbs.; 


20 iY 
ef = {69,150 X 5 — (30,000 x 10 + 10,000 x 2)} x oe = — 15,600 


% 


FG={“ x5-( “ wie ooo 2) x Ki 


II 


+ 15,680 “ 
20 

Furthermore, these stresses when combined with the dead load stresses, Case II, are again reduced, leaving 
the combined stresses very small. For instance, ef becomes — 15,600 + 12,700 = — 2900 lbs.; and when 
joints d, e, and / only are loaded, ef becomes — 16,940 + 12,700 = — 4240 Ibs. 
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Now, as a matter of fact, the compression in ef under Case IV when combined with Case I, really 
determines the sectional area of the member, and practically it makes no difference whether we take the 


tension in é/ at 2900 lbs. or 4240 lbs. 
Maximum Web Stresses. (Case III.)—Beginning at the left hand :—Maximum compression in @é. 


30,000 Ibs. at 4, ¢, d, é, and f, with 10,000 lbs. excesses at 6 and d. 
Ri = 2135.4 X 30 + (792.8 + 406.25) X 10 =say + 76,100 lbs; 
@B = 76,100 x 32 = + 97,400 lbs. ; 


Bo = max. panel concentration = — 40,000 lbs. 


Maximum tension in Bc. 30,000 lbs. at ¢, d, ¢, and /, with 10,000 lbs. excesses at ¢ and ¢. 
Ri = {(2135.4 — 792.8) X 30 + (592.6 + 240.75) x 10} = + 48,610 lbs. 


R, is the shear in panel dc when 4 is not waded. This shear minus the vert. comp. in BC is the vert. comp. 
in Be. 


20. 1 2 32 

Bei | 48,610 — 48,610x2 x or x ek x Be — 53,020 lbs. 

Maximum tension in Cd. For dead load cD has a tension of gooo lbs., but the end lift may be excessive 

and so reduce the shear in this panel to zero for dead load, thus giving the maximum tension to Cd, as here 
found. Then with 30,000 Ibs, at @, e, and /, and 10,000 Ibs. at d and f, 


Ri ={ (406.25 + 240.75 + 103) x 30 + (406.25 + 103) Xx 10} = + 27,590 Ibs. 


Any stress in Cd must be accompanied by a corresponding difference between the chord stresses BC 
and CD, and their difference is a measure of the stress in Cd. 


Stress in CD = (27,590 x 3) x —; 
9 


« “BC=( « eee EEN 
27 

CP (CD = BE 
20.1 


Therefore, we may write at once: 


Stress in Cd = 27,590(,%5 — 2) X 33.6 = — 27,790 lbs., and 


EGR = SSS Sin (Cah 3% bards or 
33.6 


“ “ Co = 27,590 (3% — 3) X 29 = + 23,990 lbs. 


CasEIV. Undtform live load covering the second span.—A train comes on the first span and advances 
until the whole bridge is covered. 

Maximum Web Stresses. (Case 1V.)—Beginning at left hand :—Maximum tension in aB and maximum 
compression in 68. 40,000 lbs. at a, second span fully loaded. 

It is here assumed that the load in the second span lifts the end at a, owing to temperature or lack o. 
xdjustment in raising the ends; then any load which comes on at a holds the end down. 


R, for load in second span = — 364.65 x 30 = — 10,940 lbs. 
Stress in aB = 10,940 x 32 = — 14,000 Ibs. 


BI 3 ie x #2 = + 10,060 “ 
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Maximum tension in 4C. 40,000 lbs. at 4, second span fully loaded. 
R;, for load in second span = as before — 10,940 Ibs.; 
[Ry @ GN Pea Tops s¢ HOV Sh urate) MoS. e 
ZR, = + 31,710 — 10,940 = + 20,770 lbs. 


Shear in panel dc = 20,770 — 40,000 = — 19,230 lbs. 


This shear plus the vert. comp. in BC, is the vert. comp. in 6C. 


F as Z 20.1 2 350. ; 
Stress in 6C = 19,230 + 20,770 X a nar cr ae 26,000 Ibs. ; 
: 25 
“  « Co=stress in dC x —-; therefore, 
33-6 
20.1 2 2 
(G= 19,2304 20,770 X 35 Sarees x Ae = + 19,340 lbs. 


For the maximum tension in cD and maximum compression in Dd. 30,000 lbs. at 4 and 40,000 at ¢, 
second span fully loaded. In this manner we proceed until the centre is reached, the second span remain- 
ing fully loaded under all conditions. 

Maximum Chord Stresses. (Case 1V.)—As before, the second span is fully loaded with uniform live 
load, and the first span is unloaded for all centres of moments except at f and g. However, if we assume that 
the load in the second span lifts the end at a, as previously explained, then any load which comes on at a 


CHORD STRESSES. 


Dead Load. Live Load. | Total. 
Member. —} 
Case I. Case II. Case III. Case IV. + — 
BC — 6360 -+ 29700 + 83500 — 8800 113200 15160 
cD — 23300 ++ 29700 + 83500 — 16270 113200 39570 
DE — 49300 ++ 24400 + 82040 — 22750 106440 72050 
EF — 82700 + 9500 + 61190 — 28370 70690 111070 
FG — 121000 — 12700 + 15680 — 34860 2980 155860 
ab + 6360 — 22300 — 60880 + 8750 I5110 83180 
bc + 23300 — 22300 — 60880 -+ 16190 39490 83180 
cd + 49300 — 24400 — 81630 + 22640 71940 106030 
de + 81900 — 9500 — 60890 + 28230 110130 70390 
ef -+- 120800 12700 — 15600 + 34690 ~ 155490 2900 
S2 -++ 160000 38600 000 + 80360 240360 000 


WEB STRESSES. 
ee se aan pmanEnEaeel WEL eae ann 


Dead Load. Live Load. Total. 
Member. —— a ee ee 
Case I. Case II. Case III. Case IV. ae =: 
aB — 10000 + 35500 + 97400 — 14000 132900 24000 
bC — 28600 000 not max. — 26600 000 54600 
cD — 46100 —  goo0o oe — 44480 000 90580 
dE — 61000 — 27300 a aes — 70140 000 131140 
eF — 74200 — 43200 Secs — 98020 000 172220 
IG — 86900 — 58300 RACES — 126500 000 213400 
Be 000 — 10700 — 53020 not max. 000 63720 
Ca 000 000 — 27790 te 000 27790 
Bob + 12700 — 10600 — 40000 ++ 10060 22760 50600 
Ce -+- 27000 ++ 5300 -+ 23990 not max 50990 00 
Dd + 40500 -++ 12700 not max. + 34110 74610 | 000 
Ee + 53000 -+ 25900 LP GY + 55100 108100 900 
Ff -- 65200 -- 40300 i dy 78750 143950 000 
Ge | + 180000 -++ 108600 Co = GN 210250 390250 | 000 
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holds the end down. Then for all centres of moments in the first span, except at f and g, we will assume a 


load at a. 
f: for load in second span = as before — 10,940 lbs. 


The load at @ is the max. panel concen. = 40,000 lbs. Therefore the end tends to lift by the amount of the 
negative reaction from load in the second span, or i= — 10,940 Ibs. This value of A; is used for all centres 
of moments from 4 to e inclusive. 

For centre of moments at /, those joints should be loaded for which the point of zero moment lies to 
the left of f, i.e., joints and c. With 30,000 lbs. at 6 and 40,000 lbs, at c, we have 


Ry = {792.8 x 30 + 592.6 x 40} = + 47,490 lbs. ; 
f, from load in second span = — 10,940 “ 
=R, = -F 36,550 « 
The stresses in ef and FG are then found with this value of R, = + 36,550 lbs. 
For centres of moments at g or Gthe entire bridge must be loaded with the engine excesses at d and /. 


21 from load in first span = + 69,150 lbs.; 
&, “« “* “second span = — 16,0407." 
ZR, = 69,150 — 10,940 ==—-i5 S.2TOl 


Stress in fg = {58,210 x 6 — (30,000 x 15 + 10000x 4) | x $8 = + 80,220 lbs. 


The maximum stresses for each case are entered in the table of stresses. The total stresses are entered 
in the last two columns of the table. 


In all of the foregoing analysis and computations, we have assumed two conditions which 
are extreme but not impossible. First, we have assumed two trains on the bridge at the 
same time—a condition which may or may not occur in the lifetime of a structure; and even 
then the positions necessary to give maximum stresses, as previously assumed, may not occur. 
Again, we have assumed the ends insufficiently raised, so as to permit the ends to “ hammer,” 
as it is called. The latter condition obtains frequently in swing bridges where the proper 
lifting of the ends is neglected. In practice it is customary to assume only one train on the 
bridge. Then, in Case IV, we assume the train headed by engines coming on one end of the 
bridge and advancing until the whole bridge is covered. As the train comes on the first span 
and advances we then obtain a condition for maximum web stresses, or maximum negative 
shear at the head of the train. When the web members near the centre of the bridge are 
reached, we must then permit the train to advance until the whole bridge is covered to obtain 
maximum web stresses. This position of the live load will also give maximum chord stresses 
near the centre. We see, then, that for all practical purposes it is never necessary to find the 


a 5 
distance 7? or the point of zero moment for Cases III or IV. 


It is also customary to assume that the ends of the bridge are properly raised so as to 
preclude the possibility of their “hammering,” even under extreme conditions of temperature 


when the train comes on the bridge. In any event, however, the conditions for dead load 
under Cases I and II must be assumed. 


The cases to be considered should then be stated as follows: 
Case I. Bridge swinging, dead load only acting. 
Case II. Bridge closed, ends raised, dead load only acting, continuous over three supports. 


Case III. Live load on one arm only, for maximum tension in lower chord and maximum 
compression in upper chord, also maximum web stresses from end towards centre, 


Case IV. Live load on both arms, for maximum tension in upper chord and maximum 
compression in lower chord, also maximum web stresses from the centre towards the end. 


Cases III and IV to be combined with Case I or II, as previously explained, 


SWING. BRIDGES. 193 


175. Rim-bearing Turn-table—Four Supports.*—Fig. 228.—The most common 
method of swing-bridge construction provides two supports at the centre, thus dividing the 
truss into three spans. The bracing of the 
short central span is usually arranged as in Fig, 


EF 
228. It is thus capable of resisting shear, and AVATAAN 
the continuity of the truss is complete. VAY, ss Z\\ 

1— B21 


With some writers it has been customary E 
to apply to this form of truss the formule for a Fic. 228. 
continuous beam of four supports—formule based on the assumption of uniform moment of 
jnertia and on a neglect of deflection due to shearing stresses. These formule give results 
closely approximate for beams and long-span trusses, and fairly good results for two-span 
swing-bridges; but their application to trusses of such short spans as are here considered leads 
to very erroneous conclusions. With only one span loaded large negative reactions are 
obtained at B or C, reactions much greater than ever really occur, and which greatly exceed 
the dead-load positive reactions. To furnish these negative reactions some form of anchorage 
would have to be provided at Band C, a thing quite impracticable in a swing-bridge. 

The true stresses in the diagonals EC and FB, caused by partial loads, and their effect on 
reactions, may be estimated in the following manner: Assume first that these diagonals are 
removed and one span, as AB, loaded. The reactions and stresses are now to be computed 
by treating the bridge as a two-span bridge, or, more accurately, by the formula of ATEATO: 
Calculate then by the method explained in Chap. XV the deflection of the point E ex the dtrec- 
tionCE. Now if the diagonal CZ had been in place its elongation could not have exceeded this 
movement of £. If the diagonal be small its elongation may be assumed equal to this deflec- 
tion, and the stress per square inch computed which would result therefrom. If the diagonal 
be large it would have the effect of reducing somewhat the movement of £, and therefore 
would have a smaller stress per square inch than a small diagonal. To the total stress as deter- 
mined above should be added the initial tension due to adjustment. The reaction at C will 
then be equal to the stress in /C, minus the vertical component of the diagonal stress. Com- 
putations for two structures gave in one case a stress of 800 lbs. per sq. in. in the diagonal, 
and in the other case 1800 lbs. per sq. in., the diagonals in both cases being very small. 
Increasing the area in the latter case to 12 sq. in., the size actually used, reduced the stress 
per square inch to 1000 lbs., thus giving a total stress of 12,000 Ibs. The stress in #C was 
18,000 Ibs. and the resulting reaction therefore about 8000 Ibs., positive, neglecting initial 
tension. The formule for a four-span continuous girder would give a negative reaction 
of about 200,000 lbs. and a diagonal stress somewhat greater. The diagonals were apparently 
designed for this stress. 

The above discussion indicates that the effect of bracing in the centre span is small, and 
in the computations of stresses this bracing can be entirely neglected and the truss treated as 
as in Art. 176, or approximately as a two-span bridge. Since the purpose of this bracing is 
merely to stiffen the structure when open, small members should be used. Large ones cause a 
more unequal distribution of load on the rollers, and should be avoided. 

176. Rim-bearing Turn-table; Four Supports; Equal Moments at the Centre 
Supports.—Fig. 229.—In this the rigid frame EFBC supports the truss by means of the short 


links EG and FH. The portion BC of the 
WWVKNNX 


frame is a part of the lower chord of the bridge; 

K in other respects the frame may be considered 

a part of the pier. There being no diagonals 

-—— la tae Sn in the panel EFHG, there can be no shear 

Fic. 229. transmitted across this panel, and the moments 

at Hand G must be equal. The structure may then be considered a three-span continuous 

cirder, in which the moments at the two centre supports are always equal. 
“eee 


* This article changed in the Sixth Edition, 
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Now if the first and third spans be each loaded with a single load, P, placed symmetri- 
cally with reference to the centre, the moments at the second and third supports will be equal 
to those which would occur in an ordinary continuous girder of three spans, if loaded in the 
same way, for in the latter case M, and MW, would be equal by symmetry and therefore the 
shear zero in the second span. 

Also these moments JZ, and MM, are now each produced equally by the two loads P, and 
P,, hence each may be supposed to be produced wholly by one half the sum of the moment 
effects of the two loads taken separately. Thus, from eqs. (g) and (ga), p. 181, we have 


2 


a3 Ie 2K — i eek Se ined ell: 
M, = M, = ~ Trey lP(K — K) 4+ PK — 3K* + Ky] (17) 
Now if the load P, be removed from the third span we shall-have * 
Piz 


M, = (BS PEER a ee 


4d, + 6, 


We also have M@,= Rk, X /— Pl— kl), and M,=R, x /=M,, whence, by solving for R, 
and A, and substituting for J/, its value in eq. (18), we have 


is 


HENS Le itey | Pasar ss 
os ; 4/-+ 64, 


(meta Seen ree () 
and 


R= Plott Mb ee ee 


Using eqs. (19) and (20) in getting the reactions due to the various panel loads, the 
analysis is otherwise precisely the same as for a two-span bridge, Art. 174. 

The two links GH and HF are to be treated as posts of the web system. The maximum 
stress in GH is equal to the maximum in LBCK. The stresses in EB and FC are equal 
respectively to those in GE and HF. The pieces HF, EC, and BF receive no definite stress: 
they serve merely to afford stability to the columns ZB and FC. 

The analysis of the case where light diagonals are inserted in the panel GBC sufficient 
only to give stability to the bridge when open is the same as for the preceding case. 

177. Rim-bearing Turn-table; Three Supports.—In this the single link GP carries 
the load at the centre to the rigid frame Pgh. pee a3 
The length of the panel gh is made equal to the 
width of the truss in order that the weight upon 
the turn-table may be uniformly distributed. The 4-78 ede ff ARH at Lake aS 
length of the other panels’ in the lower chord is Fic, 230. 
independent of gh. ' The analysis is precisely the same as for a simple two-span continuous 
girder. 


EXAMPLE.-—Find the maximum stresses in all the members of the truss in Fig. 230. Length ag = 120ft.; 
gh = 18 ft.; Ao = 120ft.; height at Band V= 24 ft.,and atG = 36 ft. Total dead load = 1650 lbs. per foot. 
Take for the live load the equivalent uniform load for a span of 150 ft. (See Chap. VI.) ‘ 

The span lengths to be considered are 120 + O—120ntteache 


* This method of arriving at MZ, for a single load is an expedient resorted to here to avoid a recourse to the 
principle of least work. The problem is indeterminate by the ordinary principles of statics. For an outline of the 
rigid method see an article by Prof. Merriman in Engineering News, Sept. 5, 1895, Vol. XXXIV, p. 150, 


_—_— 
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The stresses due to dead load when the bridge is open are found by diagram as before. 


Joint. & or k’, R, for P= 1. 
6 .155 +- .808 
€ -310 + .620 
@ -465 + .444 
é -620 + .284 
F +775 + -148 
2 °775 — .079 
k .620 — .094 
Z -465 — .092 
m -310 — .070 
n +155 — .038 


When the bridge is closed and ends raised it is a continuous girder of two spans of 129 ft. each, under 
dead or live loads. The various values of # or #’ for the different joints, together, with the corresponding 
values of 2, as found from the diagram Fig. 224, are given here. The student is left to complete the 
analysis. 


177a. Rim-bearing Turn-table; Four Supports.—Zqual Moments at the Centre Sup- 
ports; also, Equal Loads on the Turn-table spaced at Equal Distances.—Fig. 231.—In this the 
two triangular frames BHC and C/D support the truss by means of the short links FH and 
GI. The portions BC and CD of the frames are a part of the lower chord of the bridge. 
The point C is common to both frames. The inclinations of the members BH, HC, C/, and 


ID is such that under maximum loads at H and / the supports 2, C, and D are equally loaded. 
This arrangement brings the weight on the turn-table uniformly distributed over six points. 
These points can be spaced equal distances apart on the turn-table. Under all conditions, the 
moments at the two centre supports / and G are always equal. The analysis will then be the 
same as in Art. 176. However, in all cases of this kind, where the centre span is short as 
compared with the side spans, it is customary in the computations to assume the centre 
span left out. The bridge then becomes a swing bridge with two equal spans, as in Art. 174. 


LIFT SWING BRIDGES. 


Various devices have been suggested whereby the bridge may be made continuous when 
being opened and be two simple spans when » 
closed. Fig. 231 (a) shows a form in which, 
when the bridge is to be swung, the supports 
at B and C are lifted far enough to bring the 
links EF and FG into action and to raise the 
ends A and D from their supports. All the weight is then at the centre and the bridge is 
swung on a centre-bearing pivot. When closed, and the supports B and C lowered, the links 
EF and FG are under no stress. The analysis then consists in finding the dead load stresses 


eS 


FIG. 231 (@). 
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when open, as in the other forms, and the dead and live load stresses when closed, the bridge 
then consisting of two simple spans. 

178. Wind Stresses.—The analysis for the stresses in the laterals, forming the web 
systems of the wind trusses, is carried on precisely as for the vertical or main trusses. If the 
bridge to be considered is a through bridge, the top lateral wind loads must be considered as 
being transmitted to the supports through bending in the web members. The routes which ~ 
they select in any case will be such that the internal work done in producing strain will be a 
minimum. The conditions to be considered are then: 


Top Laterals: 
Case I. Bridge swinging. Static wind pressure only. 
“II. Bridge closed. Ends raised. Static wind pressure only. 


Bottom Laterals: 
Case I. Bridge swinging. Static wind pressure only. 
“Il. Bridge closed. Ends raised. Static wind pressure only. 
“ III. Bridge closed. Live load on one arm only. 
“ IV. Bridge closed. Live load on both arms. 


Combine Cases III and IV with II, or consider I or II alone. 

For Cases I and II, when considered alone, it is customary to assume wind pressures of 
30 and 50 lbs. per square foot respectively. When the train comes on the bridge, a wind 
pressure of 50 lbs. would overturn the cars; so that for Cases II, III, and IV, when combined 
as previously explained, a wind pressure of 30 lbs. per square foot is assumed, which is about 
the maximum wind pressure that will not overturn a standard box car when fully loaded. It 
is easy to see that in some bridges Cases I and II, when considered alone, might give a maxi- 
mum in some of the members. 


The chord stresses, resulting from wind loads, should be considered where they increase 
the chord stresses in the main trusses. 

178a. Accuracy of the Ordinary Formule for Swing-bridges.*—On p. 193 it was noted 
that there is an error in the ordinary formule due to assuming a constant value for the 
moment of inertia and to the neglect of the shearing distortion, and it was shown that this 
error is very great in the case there discussed. It is also important to know what this error is 
in the usual case of the two-span bridge, or the three-span bridge with small diagonals or no 
diagonals in the centre panel. 

After the sections of a bridge have been determined from calculations based on the 
ordinary formule, or on other approximate methods, the reactions can then be very 
accurately determined by the method of deflections explained below. If too great an error 
is found, the sections can be corrected accordingly. This would change the reactions slightly, 
but not enough to affect seriously the stresses. In fact, the reactions as found by the 
formulz will usually be accurate enough. 

We will consider first a bridge of two equal spans and assume the bridge fully loaded. 
The reactions are determined as follows: Assume first the bridge loaded with the given load 
and supported only at the centre, both arms deflecting equally. Determine the deflection of 
the end point by the formulat D = se in which D = deflection of the end POMmtses2=— 
stress in any member due to the assumed load; u = stress in the same member due to a load 
of one pound applied at the end; 7= length of member; E = modulus of elasticity ; and a= 
area of cross-section of the member. ; 

Now find in the same way the upward deflection of the end point due to a load of 1 lb. 
applied upwards at the end. The stress in each member due to this load, and which corre- 


* This article added in Sixth Edition. The student ma 
on p. 1964, until after Chapter XV has been read. 
+ See p. 220 for a demonstration of this formula. 


y have to skip the discussion, reading only the conclusions 
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sponds to P in the above formula, will be w, the value of which is already known. This 
: ; url 
upward deflection will then be d= =i, The necessary reaction to produce an upward de- 


F : 2) 
flection equal to D, or to bring the end back to normal position, will be R = yes 


. ; : 15, Pul wd 
For asymmetrical truss symmetrically loaded it is necessary to sum the terms Ea and Te 

a Ad 

for one half the truss only. For symmetrical trusses unsymmetrically loaded we can first 
assume symmetrical loads and determine the corresponding reactions; then from these get the 
reactions for the unsymmetrical loading by use of the principle that the moment at the centre 
due to a load on one span is one half the moment due to two such loads symmetrically placed. 
Thus let 47=centre moment for full load, and J/’ = centre moment for one span only 

M 

loaded, = ec 
Summation of moments of the loads on one span about the centre, we have 


M=RL— 2Ffa, and M7= RL —2fG; 


If R and R’ are the corresponding reactions, LZ = span length, and 2fa= 


M Re aera 
i ’ = —, there follows 7 A | eer eer 
and since J/’ oa 5 a 
Na hae Rats 
Now, since “5 ae independent of any errors in reactions, the actual error in R’ must be 


one half that in R. That is, the error in reaction due to the use of the formula is twice as 
great for bridge fully loaded as for one span only loaded. As these two cases determine the 
maximum stresses in nearly all the members, it will not usually be necessary to determine true 
. reactions for other partial loads. However, if thought desirable, the reactions can be found for 
each panel load and the results combined to form influence lines. The additional labor involved 
is not so great as would seem to be the case, for many of the terms involving P disappear. 

wl 
Ea 
members of the bridge. In this case it is convenient to assume the truss supported at the 
centre and at one end and determine the deflections and reaction at the other. 

The foregoing method is applicable not only to a two-span bridge but also to a three- 
span bridge in which the web members are omitted in the centre span or panel; for, assuming 
such a truss supported at the centre, or at the centre and at one _end, the stresses due to any 
load are fully determinate. 

To get some notion of the accuracy of the ordinary formulas, reactions have been com- 
puted for several cases by the above method and also by the use of the formulas; the results 
are given below. In every case a load of unity per lineal foot extending over the entire 
bridge has been assumed. The following bridges have been treated : 

(A) The Winona Bridge, a description of which will be found in Engineering News, Vol. 
XXVI, 1891, p. 370. This bridge is similar in form to Fig. 229. Each span consists of seven 
30-ft. panels; the centre panel is 20 ft. long, centre height 50 ft., and end height 25 ft. 

(B) A series of designs with the half-truss containing 6, 5, 4, 3, and 2 panels successively. 
The general dimensions of these trusses were chosen by taking a corresponding number of 
panels of the Winona Bridge. Cross-sections of members were properly determined from 
stresses due to certain assumed dead and live loads. In each of these cases computations 
were made for trusses with and without a central panel. 

(C) The Milwaukee drawbridge of the C., M. & St. P. Ry., which is described in the 
Engineering and Building Record, Vol. XVI, 1887, Pp. 747. This is of the form shown in 
Fig. 230. Each span has five 18.5 ft.-panels; the centre panel is 18 feet long, centre height 
34 ft., and height at second panel-point from end of 20.4 feet. 

The results of these computations are given in the following table; 


Pel “ 
For a bridge of unequal spans it is necessary to sum the terms 27, and 2 for all 
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Reactions. 


Truss. True. By Form. ron 
 dimaes © haan alt = Ga eae te ieee aeecce e Chords 

(2) (43) (@q) (49) 
CA) ereenes aa cteeco neues 64.3 65.9 64.3 67.4 52.9 
& PENA GGooa0 dual 55.7 ofo7] 53.1 56.3 44.1 
en eee aisonb aon aap 45.8 47.0 42.0 44.7 34.7 
oy ig tale clear a Bgine 36.1 30.9 33.1 25.3 
Si ee caster ctetene stone 24.3 25.2 20.0 Pea 14.7 
Need Gta oreens 11.8 11.9 9-4 II.O 8.5 
(Q)coonnrs Seocosnane.dx 26.0 ou 29.0 20.7 


Columns headed (a) are the reactions for the several trusses with the central panel 
omitted, while columns headed (0) are the reactions for the trusses having this panel. The 
column headed “ Reactions from Chords” contains the reactions as determined by deflec- 
tions, but in the computation of which the chord members are alone considered. These have 
been figured only for trusses without centre panel, and should therefore be compared with 
columns (a). These reactions are the same as would be found by the use of formulas which 
take strict account of the variation of the moment of inertia of the truss. 

The principal points brought out by this table are: 

First, the comparatively close agreement between the true reactions and those found by the 
ordinary formule. 

Second, the fact that the formule taking account of the central panel give results usually 
more accurate for these cases than the formule which neglect this panel (compare columns (a,) 
and (b,) with (6,)). 

Third, that the reactions found by treating chords only are tn every case much more in error 
than those found by the ordinary formule. 


No attempt has been made to determine the law of variation of the error in the ordinary ~ 


formule. Such a generalization would be very difficult to make, and in view of the ease with 
which the reactions for any particular case can be checked, it would be unprofitable as well. 


Temperature Effects. 


A very important question, and one of especial significance when discussing the accuracy 
of working formule is that of the effect of a variation of temperature between different 
members of a swing-bridge. The effect on reactions of any given difference of temperature 
can very quickly be found from our previous computations. 

Let ¢ = change of temperature of any member; ¢ = coefficient of expansion, = .0000065 
per 1° F.; J = length of member. Then c// = total change of length of any member. The 
deflection of the end of the truss due to the change of length of this member will be wc¢d, 
where z is the same as in our previous work, and for a change of temperature of any number 
of members the deflection will be 

Duc, 
The reaction necessary to produce a like deflection, or the reaction produced by the assumed 
temperature changes, will be 


R= rE ° ° ° ° ° ° ° e e ° ° e e O (7) 


in which d = deflection due to a one-pound load, as before. For example, suppose the lower 
chord of the Winona Bridge to drop in temperature 1° F. In this case ct/ for each member 
= .00234 and 2% = 20, whence 


© 
Dir O47. Sanda = = 1400 lbs., 


a very large amount for a change of temperature of only 1°. Considering a possible difference 
of temperature of 30° or even more, the great effect of this element can be appreciated. The 
effect is so great as to evidently render much refinement in calculation entirely useless, and to 
indicate that ¢he ordinary formule are accurate enough for all ordinary cases. 


side 


CANTILEVER BRIDGES. 197 


CHAPTER XIII. 
CANTILEVER BRIDGES. 


179. General Considerations.—The first cantilever bridge built in America was the 
Kentucky River bridge, by C. Shaler Smith, built in 1876-7. A sketch of this bridge is shown 


Pe ee ee ere a I le 
NN ARAAREEEEKEKIA \ 
NNN Seo 


Kentucky River Bridge 


Fic. 232. 


in Fig. 232. The bridge is continuous from & to F, and at these points are hung the ends of 
two simple trusses AZ and FD. 

Since this bridge was constructed several very large cantilever bridges have been built 
in America and elsewhere, notably the great Forth bridge, Fig. 233,the Niagara bridge, Fig. 
235, the Poughkeepsie, Red Rock, Memphis, and others. In the Niagara bridge the suspended 
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FIG. 234. 


span DE is hung from the ends of two double cantilevers, AD and EH, each of which has two 
points of support, one at the abutment (not shown in the figure) and one at the pier. There 
being no diagonals in the panels over the piers, the trusses are free to turn at those points as if 
supported on a single pin. Fig. 234 is a form of bridge proposed by C. B. Bender,* as being 
far more economical than the Forth bridge as built. The suspended span consists of a three- 
hinged arch ACB; the arm AD, Fig. 233, is replaced here by the back-stay EF for anchor- 
age, and the roadway is supported on iron trestle-work, the span BD being a land span. 

Fig. 236 shows another form, suitable, however, only for short spans. 

The chief advantage of the cantilever bridge over a single span bridge is in being able to 
erect the overhanging arms and the suspended span without the use of false work. In the 


® «Principles of Economy in the Design of Metallic Bridges.” |New York, John Wiley & Sons. 
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Niagara bridge, for example, the erection is carried on from each pier to the centre, at least three 
of the four pieces, DK, LM, EN, and OP, connecting the suspended span to the cantilever, 
being provided with adjustable wedges during erection. When connection is made at the centre, 
these wedges are taken out and the central span swings free on the hangers DW and £O, except 
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Niagara Bridge 


Fic. 235. 


as to being prevented from longitudinal vibration by the single remaining piece or a similar 
device holding it to one of the cantilevers. Where a series of cantilever spans are constructed, 
each alternate span can thus be erected without falsework. Other than this, the cantilever 
possesses no advantage over discontinuous spans except perhaps for very long spans, 


Fic. 236. 


_ For economy the suspended span should be made about four-tenths of the total opening. 
However, the longer this span, compared to the total span, the less will be the deflection, which 
is quite an important consideration. Thus the maximum vertical movement of the hinge E 
in the Niagara bridge under the test load was about 9 in., and of the point Z in the 
Kentucky River bridge was only 34 in. The Eighteenth Street viaduct in St. Louis, of the 
form of Fig. 236, vibrates excessively under the lightest loads. 


NVAANINO 


Fic. 237. 

Fig. 237 is a proposed form of bridge fora long series of equal spans where erection is 
difficult. It can be erected entirely without falsework. 

Fig. 237 (a) shows a bridge proposed for the English Channel, designed by Messrs, 
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Fic. 237a. 


Schneider & Co, and H. Hersent, Sir John Fowler and Sir Benjamin Baker consulting 
engineers, 


180. Analysis.—Dead Load Stresses.—The stresses in the suspended span are found in 
the same way as for any single span truss. In both forms of cantilevers, EF, Fig. 232, and 
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EH, Fig. 235, there are but two supports; hence the reactions due to any load are readily 
found. These being known, the moment and shear at any section can be found, and thence 
the stresses. Where double systems of web members are used, each load is assumed to be 
carried by the system to which it belongs. At points of connection between the two systems, 
the loads applied to the truss may be considered as equally divided between the systems. 

Live Load Stresses.—Cantilever bridges being used mainly for long spans, double systems 
of web members are quite generally adopted for the sake of economy. It has been shown in 
Chap. V that with double systems in single span bridges it is impracticable to use the exact 
wheel load method in computing stresses, and that some conventional method, such as an 
equivalent uniform load, or a uniform load with one or two excesses, should be used instead. 
It #s still more difficult to apply the wheel load method to cantilever bridges with double sys- 
tems, and hence the following discussion will treat mainly of uniform loads, with or without 
excess loads. 

In finding the proper positions of live load for maximum stresses in the various members, 
it will be useful to draw the influence lines for moment and shear in a single intersection 
cantilever of the type shown in Fig. 232. Fig. 238 shows such a truss. 

ist. Moment at G.—Fig. (2)—A load unity at & causes a negative reaction at C equal to 


Oe 


(;) 


] 

4 ell | 

e i 

| 

DY iw EW (d) 
Fic. 238. 
4 and hence a negative moment at G equal to Ts which is laid off as 4’e’ in Fig. (a). As the 

3 3 


load moves to D or & the moment at G decreases uniformly to zero and the influence line for 
this portion is /’e’D’. As the load moves from D to G, the moment increases from zero to a 


i Pe 2 
value of a s 7 7) 


is at C, then “(1 — x) when at B, and finally zero for load at A. Since the ratio of eZ’ to 


at G; beyond G the moment decreases again, becoming zero when the load 


eG’ is equal to ae it follows that ¢’D’e’ is a straight line. Similarly, g’C’Y’ is a straight line. 
: SRT Sarees Da 
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The influence line shows that for a maximum positive moment at G the span CD should 
alone be loaded, and that for a maximum negative moment the spans AC and DF should be 
loaded. A single excess in the two cases should be placed at G, and at Z or B according as 
E'c’ or B'' is the larger. A second excess a fixed distance from the first should be placed in 
each case on the longer segment of the span from the first excess. 

2d. Shear in the panel GH.—Fig. (b).—The portion D’h'¢’C”’ is the same as for a discontin- 
uous span. Between D and F the shear in G/ is equal to the reaction at C caused by the load, 


4 
di 
the shear is positive and equal to the negative reaction at D. As before, the lines 6’'C’g’’ and 
kh’ D''e"’ are straight lines. The position of loads for a maximum positive or negative shear is 
evident from the diagram. If full joint loads only are considered, then for maximum positive 
shear, for example, all joints from H to D in span CD, and span AC, should be fully loaded. 

3d. Moment at I—Fig. (c).—For loads on EF, the load given over at Z, and hence the 
negative moment at /, varies directly with the distance of the load from /. The moment at 
f when the load is at J,is zero. Hence the influence line is LCE in which ee ae 
The condition for maximum moment is the same as for moment at & in a discontinuous 
truss whose span is equal to JF. 

4th. Shear in the panel DI—As the load moves from F to E the positive shear increases 
uniformly from zero to a value equal to unity with unit load at &. The shear then remains 
constant until the load passes /, then decreases to zero as the load reaches the next panel 
point to the left (not the abutment, necessarily), The position for a maximum is evident. 

The foregoing influence lines show ina general way the positions of loads, whether uni- 
form, or uniform with one or two excesses. If exact methods are desired for a single inter- 
section truss, the conditions for maxima can be readily written out from the influence lines 
Thus for maximum positive moment at G, if G,, G,, G,, and G, are the sums of the loads. 
on AB, BG, GE, and EF respectively, we have at once the condition that 


and is negative, having a value of — for unit load at E. When the load is between A and C 


G, tan a,-+ G, tan a, — G, tan a, — G, tan a, 


must pass through zero by passing from positive to negative as the loads are moved to the 
left. The values of the tangents of the angles are readily substituted in any case. 

The influence lines for moments and shears inthe shore arm GH, Fig. 235, are the same as 
those for the span CD above considered, except that the portion to the right of Ddoes not exist. 

The position of the load having been found in any case, the reactions and stresses are 
found as for dead load. 

181. Example. Indiana and Kentucky Bridge.—Fig. 239.—The span lengths CD and 
DE are given only approximately. 
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Dead Load Stresses.—The stresses in the span CD due to loads between € and Dare 
found as in Art. 78, Chap. IV. 

To find the stresses in CD due to loads on AC and DF, fitst compute one of the abut- 
ment reactions at C or D, and the moment at this abutment. Then the shear just to the right 
of C, for example, is equal to the reaction at C, minus the loads on BC. This shear is constant 
from C to D, the loads on CD not being considered, and may be assumed to be equally 
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divided between the two web members cut by any section. The web stresses due to exterior 
loads are thus all equal. If AC is symmetrical to DF, then these web stresses are zero. Since 
the horizontal components of the stresses in KN and Ly, for example, are equal and opposite 
in direction, the stresses in KZ and WW are equal and may be found by taking moments 
about o of the forces between section fg and the section f’g’ just to the right of C. The 
only forces acting on the left of fg, besides the stresses in KZ and WN, are the moment and 
shear at f’g’ which are already known. This moment being due to a couple, its value at o is 
the same as at gg, and adding the moment of the shear about 0 we have the total moment to 
be resisted by KZ and WN. 

The stresses in the arm DZ due to loads on that arm, other than the loads at P and R, 
are found as in Art. 78, Chap. 1V; that is, by considering the web systems independent and 
all the load applied at the main panel points, U, V, etc., the loads at W, X, etc., being con- 
sidered as carried to the points U, V, etc., by separate small trusses UwV, etc. The stresses 
in these small trusses are added to the stresses in those main members which coincide with 
the members of the small trusses. 

The stresses in PQand PX are found from the load at P, which is one-half the weight 
of the truss HF. The vertical component of the stress in PR together with the load at R 
may be assumed to be divided equally between the two web members ZR and QR. The 
stresses in the remaining members are then found by separating the systems and proceeding 
in the ordinary manner. 

Live Load Stresses.—For the maximum positive moments in span CD this span should be 
fully loaded. If a uniform load is used, the stresses are found in the same way as for dead 
load. If an excess load is used, the position of such load for maximum stress is to be found. 
For piece KZ, the centre of moments for one web system is at WV, and for the other is at WV. 
The excess load should be at that one of these points nearest the centre of the span, the sub- 
vertical oO not being considered in finding upper chord stresses. If a second excess is 
employed, it should be on the longer segment of the span from the first. 

The position of loads being known, the stress in KZ is found by assuming independent 
systems and neglecting the sub-verticals, or treating them as parts of trussed beams, simply 
transferring the intermediate panel loads to the main panel points. For the member JZ, 
any single excess should be placed at O, for the tension in ZW is due both to the main truss 
and to the truss MoN. A second excess should be placed on the longer segment of the span 
from O. The stress in J7N due to the main truss is found by considering the systems inde- 
pendent, one-half the load at O going to Mand one-half to V. To this stress is added the 
stress from the truss 70M, with excess at O. 

For the maximum negative moments in CD, the spans AC and DF are loaded, with one 
excess at Bor E, and the other (if used) outside or inside these points according as the 
suspended spans are longer or shorter than the cantilevers. The chord stresses in CD are 
found as for dead load. 

For the maximum tension in Ko and compression in Ko’, the span AC should be fully 
loaded and CD loaded from Oto D. One-half the load at.O goes to XW, and one-half to M@ 
and into the other system. Considering all loads to the right of Vas applied at the main 
panel points, the vertical components in Ko and Ko’ due to loads on CD are equal to the shear 
in panel VN of the system to which these members belong. The stresses in Ko and Ko’ due 
to loads on AC is found as for exterior dead load. Any excess should be placed either at B 
or N, whichever will give the greater stress as may be found by trial. It will usually be at J, 
since if at B its effect is divided between Ko and of. For the piece oV the interior loading 
should extend from WV to D, since a load at O will cause a greater compression in o/V due to 
truss WoN than tension due to the additional one-half panel load at VW. The excess if on CD 
should be at V. For maximum compression in o'N’, panel points O’ to D inclusive should 
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be loaded, for the load at O’ causes a compression in oN’ as part of the truss N'o'M which is 
greater than the tension in o’V’ due to the additional half load at VV’. The excess should be 
at NV. The stresses in oV and o/N’ due to loads on AC are the same as that in Ko. Stresses 
due to negative shear in the span CD are found ina similar way, the span DF and the portion 
of CD to the left of the members in question being loaded. 

For maximum negative moments in the arm DZ, the span DF may be considered fully 
loaded, since the loads to the left of the centre of moments have no effect. Any single ex- 
cess should be placed at Z; and if a second excess is employed, it should be placed to the 
right or left according as BF or ED is the longer. The stresses are found as for dead load. 

The web stresses in DE are also found as for dead load. The excess, if any, should be 
placed as for positive shear in CD. 

182. Wind Stresses.—Wind pressure is carried to the abutments by means of horizontal 
lateral bracing arranged in the same way as the main vertical trusses. The wind stresses are 
then found in a way precisely similar to that explained in the preceding articles. 
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CHAPTER XIV. 
ARCH BRIDGES. 


GENERAL PRINCIPLES. 


183. Arches of metal may consist of curved beams with solid webs and flanges, or they 
may be curved trusses with upper and lower chords and web members, either riveted or pin- 
connected. 

With reference to the ordinary modes of support arches may be— 

Ist. Hinged at the abutments and at the crown. 

2d. Hinged at the abutments and continuous throughout. 

3d. Fixed rigidly to the abutments and continuous throughout. 

In the first case the arch consists of two separate framed structures, and the reactions 
and stresses can be found by ordinary methods of statics. In the other cases, however, the 
reactions depend not only upon the loads but also upon the form and material of the arch. 
In finding these reactions the arch will in all cases be treated as a simple curved beam with a 
constant or variable moment of inertia as the case may be. (By a curved beam is meant one 
which has a curved form in its natural or unstrained condition.) All loads will be treated as 
vertical. The general method of treatment is the same as 
that employed by Prof. Greene in his “ Trusses and Arches,” 
Part III,and by Prof. DuBois in his ‘“ Framed Structures.” 

184. Relation between the Equilibrium Polygon 
and the Stresses at any Section of an Arch.—Let AB 
Fig. 240, be an arch of two hinges, with loads P,, P,, and a 
P,. Each abutment reaction will have a horizontal com- 
ponent and a vertical component. From 2 hor. comp. 
=o we know that these horizontal components are equal. 
Suppose that in some way these abutment reactions 
have been found, the force diagram, 0 I 2 3 4 5 60, 
drawn, and also the corresponding equilibrium polygon 
AbcdB. Notice that here in the case of an arch, the equal 
and opposite forces H, and H, are not imaginary, as was the case for the rigid frames treated 
of in Chapter IT. 

According to the principles of Chap. II, Art. 28, any segment, dc, of the equilibrium poly- 
gon i is the line of action of the resultant of all the forces, H,, V,, and P,, tothe left (or right), 
this resultant being given in amount and direction by the ray, 0-3, in the force polygon to 
which the segment is parallel, The stressés at any section of the arch, therefore, between the 
loads P, and P, are the same as would result if H,, V,, and P, were replaced by a single force 
o-3 applied in the line 4c. Fig. 241 represents a portion of Pou eae , 
the arch of Fig. 240, to the left of such a section. The force i eS 
o-3, = R, applied in the line dc, is in equilibrium with the Ze 
stresses at the section. These stresses may be considered 
as consisting of a uniformly distributed direct stress or thrust 
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Fic. 241. 
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T, in the direction of the tangent at MV, a shear S, at right angles to 7, and a bending 
moment JZ. If @ is the angle between & and the tangent at /V, we have 


Reos@= Te . ee ee eee ee ee 
and 


Rin ai 2 Ss Oe ae, Ae ee 


Also, taking centre of moments at JV, the centre of gravity of the cross-section, we have, from 
Figs. 240 and 241, 


fe = My) Sa eee eee 


where 7 is the pole distance and z is the vertical intercept from the equilibrium polygon to 
the centre of moments. Thus the thrust, shear, and moment at any section are readily found 
after the equilibrium polygon is once drawn. 

In a solid beam the fibre stresses result directly from the above equations. In a braced 
arch, however, Fig. 242, the stresses in the members cut by any section are more readily found 
by the ordinary methods. Thus the stress in AB is equal to the moment of # about C, 
divided by the lever arm of A’, = Hz’ +d. Likewise the stress in DC = He’ +d. The 
component of the stress in AC normal to the arch is equal to the shear, = R sina. If the 


Fic, 242. 


chords AB and DC are not parallel, then the stress in AC is found by getting the moment of 
R about the intersection of AB and DC, and dividing by the lever arm of AC. In a built 
beam, Fig. 243, in which the direct stress and moment are taken entirely by the flanges 
and the shear by the web, the stress in flange A is equal to Hz’ + d, and in B is equal to 
Hz'" ~ d. The shear is as before equal to R sin a. 

In Chap. II it has been shown that for a given system of loads an infinite number of 
equilibrium polygons can be drawn by assuming various amounts and directions for one of 
the reactions; that is, by assuming various poles. But by Art. 42, Chap. II, three points 
determine an equilibrium polygon; hence if we have given, besides the loads, three points 
through which the polygon must pass, or three equations of condition which will determine 
three points, the equilibrium polygon is at once determined, and the true reactions and stresses 
may thence be found. The three points required, or the necessary condition equations, for 
the three kinds of arches will be deduced in what follows. It will be sufficient for our pur- 
poses to consider but a single load, that is, our polygon will consist of but two segments, 


sa 
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ARCH OF THREE HINGES. 


185. The Equilibrium Polygon.—Fig. 244.—In this case we know that since the arch 
is free to turn at A, B, and C, the moments at these 
points must be zero; hence the polygon passes through 
these points, and to draw it we need only produce BC to 
the load vertical at £ and join A&. 

186. Position of Loads fora Maximum Stress in |“! 
any Member.—Let 4g, Fig. 245, be any section cutting 
three members of a braced arch of three hinges, A, B, ted 
and C. The centre of moments for DZ is G, and a load 1 


(a@) 
at #, the intersection of BC and AG, will cause no stress | 
| 
} 


hk 


in DE, since the line AG is the line of action of the abut- 

ment reaction at A, the only external force on the left of Y 

the section. For loads between & and B the reaction line | 
Ak will lie below G, passing through C for loads on CB. 
The moment of the reaction at A, about G, will then be 
negative and cause tension in DE. For loads between & and G, inclusive, the reaction line 
Ak lies above G, and there is then compression in D&. For loads between D and A the only 
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force on the vzght of the section is the reaction at B which acts in the line BC, thus causing 
compression in DZ. Therefore for a maximum tension in DE the load should extend from 
k to B, and for maximum compression it should extend from 4 to & The loads are usually 
taken as uniformly distributed, and are applied at joints, or at intervals along the upper flange 
in the case of the flanged beam. 

The centre of moments for WG is at D, and from considerations similar to the preceding, 
it is found that the maximum tension and the maximum compression in this member occur 
when the load extends to the left and right, respectively, of &’. 

For the web member DG draw Ak” parallel to DE and FG if these members are parallel, 
or to their intersection if not:parallel. For all loads between G and & the reaction line at A 
lies above A”, since this reaction line never passes below C. Hence the component of the 
reaction perpendicular to Ak” in case of parallel chords, or the moment of the reaction about 
the intersection of DE, /G, and Ak” in case of non-parallel chords, produces tension in the 
member DG. For loads from DP to A the right reaction acting in the line BC causes compres. 
sion in DG. Hence for maximum tension in DG, G& should be loaded, and for maximum 
compression DA should be loaded. If A#’’ should pass to the left of C, then all loads between 
its intersection with BC, and B, would cause compression in DG. 

In the case of a built beam the centres of moments are taken as in Art. 184, and in find- 
ing the loading for maximum shear, the line corresponding to Ak” is drawn parallel to the 
flanges at the section considered. 
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187. Computation of Stresses——The position of the loading producing the maximum 
stress in any member having been found according 
to the previous article, the equilibrium polygon 
may be constructed for the entire system of loads 
according to the method of Art. 42, Chap. II, and 
the stress in the member found as in Art. 184. Or 
the reactions and stresses may be found analytically. 
oes If ¢ is the half-span, Fig. 246, 7 the rise, and J the 
distance of any load P from the centre C, measured positively towards the right, we have 


c—b 45 _ ets 
and Va i Ge a +: fa Se hee SS eee) 


By taking centre of moments at C and treating the structure AC, we have for loads on CB, 


dat sll feo 
whence 
c c—b ; 
i= V5 = P- ar ee ° °° e@ @© e ° ° o eo e@ e e (5) 
Similarly, for loads on AC we have 
On see 
f=V = ores «te 8 4 eRe ee eeemeemn be) 


The components of the reactions can thus be computed for each joint load and the results 
added. The reactions being known, the stresses can be found by the ordinary method of 
moments. 


CURVED BEAMS. 


188. Deflection of a Curved Beam.—Before proceeding further it will be necessary to 
investigate the general case of the deflection of a beam, the beam to be of any shape, and 
acted upon by forces all lying in the same plane. The following discussion is taken mainly 
from Prof. Church’s “ Mechanics of Engineering,” pp. 444-0. 

Let AB, Fig. 247, be any portion of such a beam in its unstrained form. Suppose now 
: a that under the action of certain forces the beam is 
brought into the position A’S’, the change in position 
being due to any cause whatever. We wish now to 
find the movement of 4 and the tangent to the neu- 
tral axis at A, with reference to B and the tangent at 
&, these two points, A and B, being any two points in 
the beam. This relative motion will be made appa- 
rent by making B’ coincide with B, and the tangent at 
&’ coincide with the tangent at B. This new position 
is represented by the dotted outline A”B. The ab- 
solute movement now shown is the relative movement 

Fic, 247. required. The tangent at A has moved through an 
angle 4¢, making now an angle with the tangent at B of 6+ 4¢, @ being the original angle; 
the point A has also moved in space a distance AA”, the components of which motion, referred 
to any two rectangular axes with origin at A, will be called 4y and Jz. 
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(2) Change of Inclination of Tangent, = 4@—Let CEFD, Fig. 248, be an element 
of the beam of length ds, whose end faces CE and DF are 
at right angles to the axis, and whose end tangents make an 
angle with each other originally equal to d6. Let d@ be the 
change in angle between end faces or end tangents due to bend- 
ing. The change in length of a fibre at a distance y from the 
neutral axis will be equal to yd@¢, and the corresponding stress per 
unit area will be equal to f= gece , where & is the modulus of 
elasticity of the material, and ds is the original length of the fibre. 
If da is an element of area of the cross-section, the total moment 


»D D a 
of resistance of the beam is equal to / fday = {. Bytda 
F P 


Fic. 248. 


: : d ; 
But for any particular section, & and “ are constant; and if J7 


is the moment of the external forces on one side of the section about JV, and / is the moment 
of inertia of the section, we have 


— 2h (7 ag, — pee 
M= ET, f. y'da=EIZ,, 


from which we have 


Mads 
ap = JAE ) 6 Vee er. 6 Veo -46r 6) @ en” ay Sem Ce) ie perk eae (6) 


and in Fig. 247 


B 
4¢= [ do= Fl te tet ee) 


A 


(0) Components of A’s motion, = Ay and Ax.—Let AEDCB, Fig. 249, represent 
the axis of the unstrained form of the beam, and A”Z”D’CB the strained form A”S, 
Fig. 247. Now conceive the beam to pass into its strained form by the successive bend- 


Fic. 249. 


ing of each ds in turn. The bending of the element BC through the angle d¢, causes 
the portion AC to turn through the same angle dp about C asa centre, with radius 1, the 
point A moving to A’ through a distance dv, having the components dy and dx. Then from 


. 
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the bending of DC the point A’ moves to A”, etc. If x and y are the co-ordinates of any 
point C, we have, by similar triangles, - 


Solving for dy and dx and substituting for dv the value ud@, we have 
dy=xdp and dx = yd. 
Substituting the value of d@ from eq. (6), we have 


B B 
Mads 
Ay =f dy =f xdo= f El e e e e e e oy Ae . (8) 


B B 
Myd. 
Ax =f dex =i) yap — , ae . ° e ° e ° . e ° (9) 


(c) Application of egs. (7), (8), and (9).—To make clear the application of the above equa- 
tions, let us take the case of a two-hinged arch ACB, Fig. 250, supporting the loads P., P,, 
etc. The full line ACB represents the posi- 
tion of the arch when under no load, and the 
dotted line ACB represents its form when 
os loaded. The tangents to the curve of the 
arch at B, in the two positions, are BT and 
LT respectively. Now the total movement 
of any point in the arch with reference to B, 
-t-_--------==pg due to the application of the given loads, 

may be divided into two parts; one a move- 

Fic. 250. ment about & as a centre due to the turning 

of the arch on the hinge 2, and the other a 

movement due to the bending of the arch between the given point and 4. These motions 
occur simultaneously; but if we conceive them to take place successively, the first motion will 
bring the arch into the position A’C’B, the tangent BT moving to BT’ through an angle #, 
and the entire arch turning about B as a centre through the same angle. Now conceive the 
bending to take place. The arch will then come into the position shown by the dotted line 
ACB, and the point A’ will move to A, making the total movement of A equal to zero. The 
movement of any point and the tangent at that point with reference to B and BT’, due to 
bending, as for example, the point 4’ and the tangent at A’, is now given by eqs. (7), (8), and 
(9). Since the point A’ comes back to A, its motion due to bending is equivalent to the arc 
A’A, this arc being the path of the first part of its motion. Hence with the axis of X taken 
parallel to AB, the distance 4x is very small compared to 4y (if Jy were a differential of the 


and 


first order, 4x would be of the second order and therefore zero compared to 4y); and since 4y | 


is small compared to the dimensions of the arch, we may put 4% equal to zero. Hence from 
eq. (9) we have for the point A 


B 
Myds 
74 = mA = a ° ° . . ry ‘ r e ° ry 
Co Fae ito) 


This is the only one of the equations (7), (8), and (9) whose value is known beforehand, and 
hence the only one which is of service in finding reactions. 
In the case of an arch with fixed ends, the end tangents are fixed as well as the points A 


and &; hence, for each end referred to the other, each of the equations (7), (8), and (9) reduce 
to zero, 
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PARABOLIC ARCH OF TWO HINGES; VARIABLE MOMENT OF INERTIA. 


189. The Equilibrium Polygon.*—In Fig. 251, let 7 = rise; c = half-span ; 6 = distance 
of any load from the centre, measured positively towards the right; and x and y = the co- 
ordinates of any point of the arch referred to A as the origin. Since the moments at A and 


BIG. 251 


B are zero we know that the equilibrium polygon for the load P must pass through these 


points. We also have the further condition from eq. (10) that IF eae ='0 
A 


The modulus of elasticity, A, will be taken as constant; and if fae is the pole distance ana 
zis the vertical ordinate between the equilibrium polygon and any point &, then MZ = J//z, 
and hence by substitution 


”Myds  H [* zyds * sys 
ge act fo) ena 
vere sf 
If now we make the further assumption that J increases from the crown to the springing 
line in the same ratio as sec z, where 7 is the inclination of the arch at any point to the hori- 
zontal, we have 


A 


fe 


== areonstant.= J,; 
secz 


where J, is the moment of inertia at the crown. This assumption is a reasonable onet+ and 
sufficiently exact for practical purposes. 


From Fig. 251 we have 
° as 


Of eee er agit 
sec 2’ 


hence, by substituting the above value of J in eq. (11), we have 


B 
== iO tO), 
A 


Payds ays I 
J Vee eels SCC Ue, 


whence 
B 2c dL (fs) 
a Ax = O, or & te O> ° . e e e e ° ° ° ° ; 
LP fee 
From Fig. 251 we have z = y — 2’; hence eq, (12) becomes » 


ff vee — ff #9dz =0. eRe at a 5, RG eat mas em ied GC) 


For a parabola, with origin at A, we have 


ass ifs VHX 
7 =5, whence y=— (26-4). «© - © « © « « (14) 
(c — «) c 
® The following demonstration and that of Art. 194 are from Prof. Greene’s ‘‘ Trusses and Arches,” Part III, pp 


44, 45, 60-63. ; : o. hea 
+ Since the direct stress in the arch for a full load, and also its cross-section, do increase from crown to springing 


in accordance with this law. 
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Substituting this value of y in the first term of eq. (13) and integrating, we have 
2c 7r? 2c . F : 
fxdzaa (4c°2° — 4cx* + x*)dx 


2 16 
= 7(2e — 162 4 Be) = Pre ig: ae ee enone oe 


° 


% — c+ 3’ gee 5 ° e * 2 ° 
Substituting from (16) and (14) in (13) and integrating from o to (¢ + 4), we have 


ioe / TY et 2 
Jp a yar = AGE ip a*(2¢ — «)dx 


= nea 5 Ec + 0)? — =e 4. a | 


= 22 qe tay — FI, 146) de, bey lebadle gc omeana ya 


To integrate the portion on the right of G, we may take our origin at &. The integral 
will be then the same as eq. (17), but with (c — 4) put for (¢+ 4). That is, 


Jf syds =| ae — 39 =|. ok yd 


c+b 


Substituting from (15), (17), and (18), in (13) and reducing, we have 


Solving for y, we have 


J ad Qe pat ae ® e e e e ° e e e e ° e (19) 


This equation gives the value of y, in terms of known quantities and hence determines 
the third point in the equilibrium polygon. As the position of the load varies, eq. (19) is the 
equation of the locus of the point &. Hence if this curve be constructed, the equilibrium 
polygon for any load is drawn by simply joining the points A and & with the irftersection of 
the load-vertical with this curve. 

190. Position of Loads for a Maximum Stress in any Member.—In Fig. 252 the locus 
of the point # is the curve JN, having an ordinate, y,, equal to 327 at the centre, and 327 at 


BiG. 252.55 


the ends of the arch. For the piece CD, with centre of moments at F,a load at & produces 
no stress, while all loads to the right produce tension and all loads to the left compression. 
For F£, all loads to the right of &’ cause compression and all loads to the left tension. For 
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the web member DF, draw A2” towards the intersection of CD and FE. Then loads between 

D and ” cause positive shear on section £7, or compression in DF, while loads to the right of 
/t ~ . . : 

k and to the left of / cause tension in DF. For sucha piece as £/, with centre of moments 


//t iv “4° . . . 
at G, loads between &’” and produce positive moment or tension in Z/, while loads on the 
remaining portions produce compression. 


The loading for the maximum stress in any member is thus readily found, after having 
constructed the curve WN. The following table gives enough values of a to enable this 


curve to be constructed with sufficient accuracy for this purpose. 


b 
TABLE OF VALUES or” FOR VARIOUS VALUES OF oe 


= 1.280 1.290 322 1.379 1.468 1.600 


191. Computation of Stresses.--The stress in each member due to each load may be 
found graphically by computing y, and drawing the equilibrium polygon for each load, the 
stresses resulting as explained in Art. 184. In this case, however, it will be as easy to deter- 
mine the stresses analytically. 

In Fig. 251 we have, by taking moments about B& and then about A, 


at and [a aie @,-e -« © 6 @ oo « «© (20) 


AG 2¢ 


Also, by similar triangles in Figs. 251 and 251 (a), 


whence, from eq. (20), 


HT = V. = iP z . ° ° e ° e ee e@ e e . (21) 


By means of eqs. (19), (20), and (21) the components of the reactions due to each load 
can be computed and the results added for those loads which act together to cause a maxi- 
mum stress in any given member. The components of one reaction known, the stress in the 
member is found by a single equation of moments of the forces upon one side of the section; 
or if a web member, by a summation of the components of all the forces in a direction normal 
to the arch at the section considered. 

If the arch under consideration is a circular one, the reactions may be found with suffi- 
cient accuracy in all ordinary cases by using instead, a parabolic arch of the same span, and 
whose average length of ordinate is the same as that of the given circular arch; that is, one 
which encloses the same area between the arch and the line joining the springing points. The 
rise of such an arch is readily found, remembering that the area enclosed by the parabolic 
arch is equal to $7. After obtaining the reactions the stresses should be found for the actual 
arch. 

192. Temperature Stresses.—A rise of temperature of ¢ degrees above ‘the normal, 
lengthens each element, ds, of the arch, by an amount equal to Zeds, where ¢ is the coefficient 
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of expansion. The horizontal component of this increment is ¢eds cos z or tedx, and the total 
change in length of span if the arch were free to move would be equal to ie tedz = 2¢te, 


This movement is, however, resisted by horizontal abutment reactions, and stresses are thus 
developed in the arch. 

Let A’B, Fig. 253, be the normal position 
of the /engthened arch, and AB the position when 
sprung or kept in place by the abutments; 
A’A being equal to 2cte. The tangents to the 
two curves at B are respectively BT’ and BT. 
The movement of A’ to A may, as in Art. 188, 
: be conceived as divided into two parts; one a 
AA turning about & as acentre through the angle 

CUS eae f, the point A’ coming to A”, and the other 
part, that due to bending, the end of the arch moving from A” to A. As in Art. 188, the 
horizontal component of A’A” may be put equal to zero, whence the horizontal component 
Ola Al A ==) 2072, OF, trom eq..(@), 


3 Myds 
BT? AH =H 2ebe, 6 ew ww oe ew ww ee (22) 


or, according to the assumptions of Art. 189, 


I 2c 
zr. J. Mydz SAW & 6 86 Go 6 © ee) -@* “e) eo fe (23) 


Now in Fig. 254 the moment, /, at any 
point z due to two equal horizontal reactions 
H1,, is H,y; hence if H,is the reaction caused bya 
yt rise of temperature of ¢ degees, eq. (23) becomes 


Heh, ee 
Fic. 254. at V C= OCC ne (24) 


20 16 
From eq. (15), p. 210, the value of ue ydx is equal to 157° hence, substituting in (24) ‘ 


and solving for H,, we have 


15E/ te 


bi 87 


RE er) 
From this equation the value of 7, can be computed for any change of temperature above or 
below the temperature for which the arch is designed, and the stresses readily found in all 
the members by means of a stress diagram. For a fa// of temperature, ¢ is of course negative 
and /7, acts outwardly. 

193. Stresses due to Change of Length from Thrust.—From the direct thrust due 
to loads or changes of temperature, each element of the arch is shortened by an amount 


equal to Las, where f = compression per unit area; ds = length of element; and Z = modulus 


of elasticity. This shortening due to compression has precisely the same effect as a fall of 
temperature. The value of f due to any particular loading or toa change of temperature is 
not constant along the arch, but it is nearly so and may be so considered for our purposes. 


Taking for f, then, an average value along the arch for any given loading, the quantity % will 
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replace ze of the preceding article. Eq. (25) therefore becomes, if 7, is the horizontal reac- 
tion necessary to resist the shortening of the arch, 


Eig eel ml ates oa donagt tact CAPSS. ween: (20) 


the minus sign indicating that H, acts outwardly, or in the direction of H,, for a fal/ of tem- 
perature. 

In getting stresses it will be convenient to assume some value of A/,, as 100,000 lbs. for 
example, and with this value find the stresses in all the members by means of a stress diagram, 
the only external forces acting being the two equal horizontal reactions. Then for any par- 
ticular member, find an average value of / by getting its value at three or four points along the 
arch, when loaded so as to produce the maximum stress in the member in question; substitute 
this average value in eq. (26) and determine H,. Then multiply the stress found from the 
diagram by this value of H, and divide by 100,000. 

Average values of f due to the maximum rise and fall of temperature may be found once 
for all, the corresponding values of H, computed, and these added to the values of A, as 
found above. 

Stresses due to the shortening of the arch may be prevented to a large extent by con- 
structing it alittle longer than the span, and springing it into place. Under certain loads, then, 
the arch is compressed just enough to make its length normal, and the stresses due to shorten- 
ing are zero. This initial lengthening of the span bya given amount, 4, has the same effect as 
arise of temperature which lengthens the span by the same amount. Hence, in eqs. (24) and 
(25), if we substitute 4 for 2cte, and if /, is the horizontal thrust due to the initial lengthen- 
ing, we have 


15Z/,4 


fly = 16cr? 


EMeeso-evace’ col elt rose carta Cz) 


This value of H, is to be added to H, of eq. (26). 
The proper value of 4 to be used in designing the arch may be found by substituting for 
H, in eq. (27) an average value of H, as found from eq. (26), and then solving for 4. 


PARABOLIC ARCH WITH FIXED ENDS; VARIABLE MOMENT OF INERTIA, 


194. The Equilibrium Polygon.— Fig. 255 represents such an arch, the ends at A and B 
being fixed in direction as well as position by the abutments. This being the case, there will 


Pics 255. 


in general be some bending moment at A and B,and the equilibrium polygon for a load P 
will not-pass through these two points. Let y, be the ordinate from the equilibrium polygon 
to that abutment farthest from the load P, and y, be the ordinate to the other abutment. 


214 MODERN FRAMED STRUCTURES. 


Ketsy, be, as before, the ordinate from &, the intersection of the two segments of the polygon, 
to the line AB. The unknowns are here the three ordinates y,, y,, and y,. oy 
In Art. 188 we have seen that for an arch with no hinges we have the three conditions, 


from eqs. (7), (8), and (9), 


*Mds _ *Mads _ d ?Myds _ a 
| a= en eee rer rae 
A 


A 


Making the same assumptions as in Art. 189 regarding & and J, and putting Hz or 
H(y — 2’), for M, the above equations become 


ff six — ff dae =o; ina Pls, he beta Ws eee ens 
ff wis ff sade =03 rte ce ee ary he Fe (es) 


[i vax —f dyde =0. ons 6. ea 6 0) eo) 


The values of these integrals will now be derived. 
Equation (28).—From eq. (14), p. 209, we have y = Ne x), Substituting this value 
in the first term of (28) and integrating, we have 
20 = re 39 4 i 
Je Leese BG) or ce) al) Re eee er eZ) 
The second term. of (28) is simply the area of the two trapezoids ALkG and BME£G, or: 


fo odz = F404 V4 et Ine _ 9p, 4) Deis Ao Seay 


2 
Subtracting (a) from (6) and reducing, we have from (28) 


269) 1-4€ = 0)7, |= (cr 0) yt 870. (31) 
Equation (29).—Referring to Fig. 255 we see that the first term of (29) is simply the 


moment of the area between the parabola ACB and the line AB, about the axis AY. This 
area is equal to $cr; hence 


20 
— 2h — 4 ° e . ee e e . . es e 
Mi aydz = ter X ¢ = 4e*r, (c) 


The second term of (29) is likewise the moment of the area ALAMB about AY. This 
area may be divided into the two rectangles AL7G and BMSG, and the two triangles LAT 
and SM@k. Writing out these moments, we have 


ie C404 = yt + Ile — a) 2c cs AG he a) | 


ti, ~yyt! x c +8) + (9% = 9S | 2c =) BC me 0) |. - @) 


Subtracting (c) from (d), we have after reduction 


2e(3¢ + 4), + (6+ by 9, + — (5e+Oy,—8'r=0. 2. 2. . (32) 


Equation (30).—From eq. (15), p. 210, we have 


bree 


* This is the well-known area of a parabolic segment and could have been written at once, 
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For the second term of (30) we have, from A to G, 


{i Vee J 3 
ae ees £ 


4; 
and if, for the portion from G to B, we take our origin at B, we have for this portion 
ae as Dy Cini 
2 = 7, Posie 


The value of y is, for both cases, equal to = (2c — x) as before. We may then, as in Art. 


189, substitute the first value of 2’ in (30) and integrate from o to (c+ 4), then the second 
value, and integrate from 0 to (c — 4) with origin at B. That is, 


19 s'yax = {3 ec 29, + % bee o- jx)av Bg at bees 29+ ah =5')ée Y) 


aes the integrations indicated, collecting ieems, combining with (e), and multiplying 


by =, we have finally 
2A Gee Ay, ste 190) (3c\= Ay, (eo 6); (c+ Dy yi Spt crm Oa eiious 55.633) 


We now have three equations, (31), (32), and (33), between three unknown quantities, 
Vo» J,, and y,. To solve these equations, multiply (31) by (¢ + 6) and combine with (32) to 
eliminate y,, giving 


8r 
ta Aare 0 Pare te O) — 5 Clee 5 ee ees) 


Multiplying (32) by (3¢ — 4) and combining with (33), we have, similarly, 
4cy, + 6c(c — by, — 4r(Fe? — bc) =O.» ww we we (AZ) 


Subtracting (g) from (4%) and solving for y,, we have 


ys aah 
Iz = Te Age ee @ 6 -8 10 @ «0. @ . 6 (34) 


Substituting in (g) or (/), we obtain 


iG — Sr. ° Py . . e e e e e e e ° e ° ‘< (35) 
And finally by substituting in either of the first three equations we have 


ager ent oe 
ea cern ae ae PER es ee Ramer ger essen 30) 


Eq. (35) shows that the locus of & is a horizontal straight line at a distance of $7 above 
AB. The value of y, in eq. (36) varies from — for 6= —c toa value of 7&7 ford = +c. 


The value of y, varies in the opposite way. Re 
195. Position of Loads for a Maximum Stress in any Member.—All the reaction lines, 


Lk, constructed for loads at various points along the arch are tangent to some one curve; like- 
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wise for the lines £47. In finding position of loads, it will be convenient to construct these curves 
or envelopes. These curves are hyperbolas, and their equations might be derived; but it will 


be as convenient to construct them by drawing the reaction lines L4 and Mé for several posi- 


tions of the load, or for several values of 6. The following table gives values of . and e for 


b ; ; é 
various values of = which will enable enough lines to be drawn to locate the curves with 


sufficient accuracy. 


TABLE OF VALUES or# AND od FOR VARIOUS VALUES OF z 
: —1.0 |—0.8 as 0.6 — 0.4 - - 00 6|+ 0.2 + 0.4 hae + 0.8 + 1.0 
Bade =2d.| don | vain | Zhe. [eee Nee a 
BAG e| isp tan iaboy | aeons a oe) es ee 


In Fig. 256, ac is the locus of &, y, being equal to $7; de is the envelope of the lines LA 
and fg is the envelope of the lines £17, If G is the centre of moments for any member D£, 


Fic. 256, 


the lines Gk and Gz’, drawn tangent to de and Jg respectively, will determine the position of 
the loads for a maximum stress of either kind in D£, since loads between & and k’ cause 
positive moment at G, while all other loads cause negative moment. Likewise a line drawn 
tangent to de and parallel to FG and DE, or towards their intersection, will determine the 
position of loads for maximum stress of either kind in DG, as in Art. 190. 

196. Computation of Stresses.—The stresses can be obtained 
by graphical methods. A skeleton diagram of the arch should be drawn toa large scale and 
the equilibrium polygon and force diagram drawn for each joint load, computing y and y 
by eqs. (36) and (34). The stresses are then found in each member due to each load. by the 
method of Art. 184. 


If analytical methods are preferred, the followin 
any load to be computed: 


with sufficient accuracy 


g equations will enable the reactions for 


ARCH BRIDGES. 267 
In Fig. 255 we have, by similar triangles, 


V, = Aer d Lovet Deis Ia, 


i = c+é an Ta —— eae a ° 4) 9 &) ° ° ° fs) (37) 
Adding and putting V, + V, = P, we have, after solving for A, 
ae E. 
Sree a Jo In 
c+6 + c—b 


Substituting from eqs. (34), (35), and (36) and reducing, we have 
1g — os Bs -() ie omy. ay fe e e o ° e e “ @ @ ® (38) 


By substituting in (37) and nee we have 


| 
a 

N 

| 
<s 

+ 
ae 

by” 


- + (39) 
and 


v= W(247)(1—2)p ager ( Siiee) = Suan yore seem eues CAO) 


By means of these equations the components of the reactions due to each load can be 
computed and the resulting V’s added to get the total V due to those loads which act 
together to cause the maximum stress in any member. The several H’s may also be added, 
and the line of action of the resultant H be found by multiplying each H by the correspond- 
ing y, or y, and dividing the sum of these products by the sum of the H’s. The components 
and line of action of one reaction being known, the stress in the member in question is 
readily found. 

If a circular arch is under consideration, the reactions may be found by a similar approxi- 
mation to that explained in Art. 191. 

197. Temperature Stresses.—For an arch with fixed ends, the /;’s necessary to resist 
a lengthening of the span due to a rise of 
temperature are not applied at A and B, but 
at some distance y, or y, above, similarly to 
the horizontal forces for vertical loads. In _ 
this case, for equilibrium, y, = y, = 2. The 2 
ends of the arch at A and B being fixed in 
direction, we must have, from eq. (7), when 


transformed from ds to dx, as in Art. 189, Jf Maz — 0, since 17 = 7 y— fh), 


fv — [hae =0O. oF Ve Pte Ve Bae) e-> 67) ON revke (41) 
From eq. (a) of Art. 194 we have 


Va “yd = ; ve, 
aff ae = 2ch; 


hence substituting in (41) and solving for 4, we have 


and we have also 


h = ar, asCONStantsmemme amie to ison cc Cfo tae Seer 2 (42) 
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Now the lengthening of the span due toa rise of temperature of ¢ degrees above the 
normal is 2cte, and we have, as in eq. (23), p. 212, 


ay | Made = rte o 8 6 @ +69 «6 19 1 50, Ua (43) 


From Fig. 257 we have, for the moment at any point 2, 
M=He= ky —)). 


Substituting in (43), we have 


gal rae — A gate | = rete «ae ope ae ee 


2¢ 6 
By eq. (15), p. 210. ne yar = or ye 


Also we have ia yamRoesatea ACh = xe 


Substituting in (44) and solving for H/,, we have 


El ,te 
sae : e e e e e e e @ e s e ° ° (45) 


H,= 


Knowing the amount and line of action of H,, the resulting stresses may be computed by 
moments and shears, or in case of a truss the stresses are more readily found by a diagram, 
the stresses in two or three of the end members being first found by moments. 

198. Stresses due to Change of Length from Thrust.—In this case, as in Art. 193, 
the effect of the shortening of the arch is the same as that caused by a fall of temperature ; 
and, as in that case, we may substitute Z for te in eq. (45) and we will obtain the outward 
thrust, /7,, necessary to resist this shortening. Hence 


Ho Ile 


4r 


The line of action of this thrust is evidently the same as for //,, since eq. (42) was derived 
independently of the cause of the thrust. 

The stresses due to change of length are found as in Art. 193. 

198¢. The Full-Spandrel Arch with Two Hinges.—This is coming to be a favorite 
structure for long spans, especially where stiffness is required, as in railway bridges. The new 
Niagara arches are of this pattern. The only objection to them has been the great amount 
of labor involved in their computation. They cannot be solved by the formula given in this 
chapter, since the moment of inertia of the arch increases so enormously from crown to 
springing, because of the great increase in depth. They can be rigidly solved only by means 
of the method of least work, which becomes very laborious when applied to so large a struc- 
ture. The following approximate solution is offered as sufficiently accurate for all practical 
purposes, 


ARCH BRIDGES. 2184 


For a load placed at any joint certain reactions are produced, and since these two 
reactions are in equilibrium with the applied load, the lines of their action lie in the end 
hinges and intersect upon the vertical line through the loaded point. The locus of these 
intersections being found, all these reaction lines could be drawn, the same as was done in 
Art. 190:* 

In Fig. 257@ is shown one half of the Niagara railway arch, with the true intersection locus 
drawn in a dotted line, a’, J’, . Rk’, this having been found by the rigid method. 
If now a parabola be made to fit HS true locus as nearly as may be, and its equation found 
in terms of the constants, span, /, rise of arch, 7, and depth of crown, D., this may be called 
the “parabolic intersection locus,” and it can be constructed in place, as soon as the general 


THE NIAGARA RAILWAY ARCH. 


TRUE REACTION INTERSECTION LOCUS IS DRAWN DASHED. 
PROPOSED PARABOLIC LOCUS IS DRAWN IN FULL LINE 
BE THE EQUATIONS BECOME: THE INTERSECTION LOCUS IS THE LINE CONNECTING THE 
EE Tr 402 POINTS OF INTERSECTION OF THE VERTICALS THROUGH 
: EAR OOT 2 ? THE PANEL POINTS WITH THEIR RESPECTIVE REACTIONS, 


PARABOLIC INTERSECTION Locus, RESULTING FROM A LOAD AT THE POINT IN QUESTION, 


THE CENTER POINT OF THE LINE JOINING THE END HINGES, 
+7 +2.2 De 0, 1S THE ORIGIN OF COORDINATES. 


ea 


Y= 2.5 (r—De) x? 
1? 


FIG. 257a. 


dimensions of the arch are known. The reaction lines can then be drawn to the intersections 
of the verticals with this curve, and the directions, positions, and amounts of these reactions 
thus at once determined ; that is to say, all the peculiar difficulties of the analysis for such a 
structure would disappear if this intersection locus were known. 
In the present example it can be seen by inspection of Fig. 257a@ that the error in the 
horizontal or vertical components due to an erroneous direction of the reactions, if these were 
drawn to the parabolic locus instead of to the true one, would be very small. Taking joint 
Eas the worst case, the horizontal component would be in error about 2%, the vertical com- 
ponent about 24%, and the resultant reaction by less than 2%. The average single error 
for all the joints would be less than 1%, and these would be compensating, as they are of oppo- 
site signs. The resulting effect upon the dimensions of the members, for any combination of 
loads, would therefore be practically zero. For this one case, therefore, the parabolic locus 
would have served as well as the true locus, and another curve could be found which would 
fit the true locus still closer if it were thought necessary. 
As to using the equation of this parabolic intersection locus for another bridge, as in a new 
design, there is this to be said: The intersection locus for a two-hinged arch of constant depth 
(parallel ribs) is not very different from the parabolic locus here found. The equation of this 


* By the rigid method the horizontal components only of these reactions have to be found, since the vertical 
components are the same as for a beam resting on the same supports. 
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latter, when referred to an origin at the centre of the line joining the two hinges, or springing 
points, is (from eq. 19, p. 210) 


Bola. 
Spe GIS REPS ote lel bo, ot oeeentoe remem GE 
where y = ordinate to locus curve, 

¢ = span of arch, 

Vic tiserOlcarens 

# = distance out to right or left from the centre. 
The curve marked 2”, 6%, c’,..... . #” is this locus, 

The equation of the parabolic locus here used for a full spandrel arch, referred to the 

same origin, is 


5(7 — D.)x* 
Parabolic Locus: y= 2M 7 J te 7 22D oe, tac ce Fe) ee) 


& 


The full-line curve A’, 4’, K’ is this locus. It will be seen that if reaction lines were 
drawn through the springings to the locus, a”, 0”, .... #, these would all have greater hori- 
zontal components than those drawn to either of the others. That is to say, the horizontal 
components of the reactions for an arch of constant depth (but whose moment of inertia 
increases with the secant of the angle with the horizontal from the crown to the springings, 
(this condition having been assumed in the derivation of this locus) are all greater than the 
corresponding horizontal components for a full-spandrel arch; but the difference between 
actual stresses in a full-spandrel arch and the stresses which would result from using the locus 
a’, b",...." would be less than 5% on the average. That is to say, if the reactions were 
assumed to be the same for a full-spandrel two-hinged arch as they are for such an arch of 
constant depth or having parallel ribs, the error involved could not exceed 5% on any member. 

It is evident, however, that all full-spandrel arches are much more nearly like each other 
than they are like arches having parallel ribs, and hence it must become evident that in assuming 
that the Niagara reaction-intersection locus will serve for the solution of all full-spandre] 
arches, the error involved must be very much less than 5 per cent. Even if the approximate 
parabolic locus here found be used, the resulting error would certainly never be as much as 
2%, and would probably always fall inside of 1%. 

When it is considered that other functions of the problem cannot be evaluated nearer 
than 50%, and that to cover these great uncertainties a factor of safety of 300% or 400% is 
inserted, is it not very irrational to expend great labor in trying to compute sections for 
assumed loads to the nearest tenth of 14? : 

A somewhat closer approximation to the true locus may be found by using a hyperbola 
having the equation 


Hyperbolic Locus: y =4/33) Cer Se at GA ents Ae eC) 


where QS 1.3 57 el oS and K=r- 2.2D,. 


This curve coincides at the centre with the parabola here used, but drops a little at the 
ends. 
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CHAPTER XV. 


DEFLECTION OF FRAMED STRUCTURES AND THE DISTRIBUTION OF LOADS OVER 
REDUNDANT MEMBERS. 


199. The Deflection of a Framed Structure for any given loading can be as rigidly 
computed as the stresses in the members can be found. Although it would seem to be self- 
evident that the extension or shortening of any main truss member must contribute somewhat 
to the deflection as a whole, it has long been customary to state that the deflection is almost 
wholly due to the stresses and strains obtaining in the chords, and but little attention has 
been given to the web members in this connection. Probably Stoney’s two-volume work on 
“ Theory of Strains in Girders” (2d ed., London, 1869) has stated this position most 
emphatically. Indeed he has placed as the frontispiece to the first volume what purports to 
be a graphical proof of the proposition. He says: 


« At first sight it may be thought that the web of the plate girder, or the braced web of the latticed 
girder, will seriously affect the amount of the deflection curve; but it can be readily shown by carefully con- 
structed diagrams, in which the alterations of length due to the load are drawn to a highly exaggerated scale, 
that the construction of the web has scarcely any influence on the curvature.” 


He then constructs a drawing showing this effect on a very shallow Warren girder, and 
seems to prove his proposition. He says of them: 


“These diagrams give very interesting results; they show that the curvature of flanged girders is prac- 
tically independent of change of form in the web and almost entirely due to the shortening of the upper, 
and the elongation of the lower, flange; and a further inference may be derived from them, viz., that 
deflection is practically unaffected by the nature of the web, whether it be formed of plates or lattice bars.” * 


These conclusions prove to be erroneous and have been grossly misleading. In actual 
structures deflections computed from chord strains only have been found to be about half 
as great as those actually observed under loads, and the difference has been set down as 
another illustration of the “universal discrepancy between theory and practice.” 

In what follows a method will be given for accurately computing the deflection of any 
point in any framed structure, under any given loading, and it will also be shown that this 
information may be used to determine stresses in redundant members, otherwise indetermi- 
nate.+ 
200. Fundamental Propositions.—Three propositions will first be stated and proved: 

PROPOSITION I. . The external work of distortion of a framed structure by a load ts equat 
to the internal work of resistance. 
Sn EEE 


* Vol. I., 2d ed., pp. 141, 142. 
+ The remaining portion of this chapter mostly appeared as a Paper by Prof. Johnson before the Engineers Club 


of St. Louis, and was published in the Jour. Assoc. Eng. Socs., for May, 1890. 
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PROPOSITION II. The movement of any point in any framed structure subjected to any 
given load ts given by the formula 
pul # 


D= 2; 


Cee eee ao 
where D = movement of point under consideration ; 
P = stress per square inch in any member for any given load ; 
/= length of any member; 
£& = modulus of elasticity of any member; 
wz = factor of reduction; 
2 = sign of summation. 
; Fens PHL ® : 
That is to say, the quantity ES computed for every member of the truss and the algebraic 
sum taken as the total movement of the point. 

PROPOSITION III. When there are two or more paths over which a load may travel to reach 
the support, the load divides itself among the several paths strictly in proportion to the rigidities 
of the paths. 

The relative rigidities of the paths are indicated by the relative loads required to produce 
a given deflection, or they are inversely as the deflections produced by a given load which is 
required to pass wholly over each path in succession. Having established this proposition 
and computed the rigidities of the paths by Prop. II, we can write enough equations of 
condition to enable us to solve for any number of redundant members. This proposition 
applies to all structures, whether framed or composed of masonry, as in the case of a curved 
masonry dam. 


PROOF OF PROPOSITIONS. 


Proposition I hardly requires proof. It is simply expressing for the work or energy 
Spent on the structure that which we take for granted as to the force coming upon it; that is 
to say, action and reaction are equal. The external work of distortion is the product of the 
load into the deflection of the loaded point divided by two. The internal work of resistance 
is the sum of the products of the stress produced in each member by its distortion, divided by 
two. 

Thus if W is the external load, acting in any direction, 
D the movement of the loaded point zx the direction of the force W, 
P the stress produced in any member, 
g the distortion of any member due to the stress PB 


then we have 


. Sin MS 
where the second member represents the algebraic sum of the quantities = computed for all 


the members of the truss for the load W. 
From the above it would appear that the total movement D at the doaded point is made up 
of as many parts as there are members in the truss, each one contributing its portion, cor- 


L2 : é 
responding to the expression am for that member. If we represent that portion of D resulting 


* Conveniently remembered as the “ pull over Z” formula, 
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from the distortion in one member by @, then we may say that the work done at the loaded 


point corresponding to the work of resistance in any particular member is 


Wa - Ps sh! of 
2 eon or d= FA ° e ° e ° ° ° e e ‘0 (2) 


In the above discussion we have considered the truss as loaded only at the point whose 
deflection is under consideration, but by so doing we have obtained in (2) a relation between 
the distortion of any particular member and the linear displacement of our loaded point, 


which is quite independent of W, since the quantity wis a constant ratio for any W whatso- 
ever. In other words, equation (2) is the kinematical relation between the distortion of any 
member and the movement at the given point produced by that distortion. The ratio Fpmay be 
found by assuming any VW at our given point and finding P analytically or graphically for the 
particular member. Let a = uw, where w may be defined as the stress in the particular 


W 


member when W=1 1b. Then 
ad == Phen, 


Now suppose the truss loaded in any manner whatsoever and let the resulting distortion of 
a particular member be 2’ and its unit stress = g. Then d = wz’ where u is a known quantity. 
Us 
But we know that 2’ = f where g has been found analytically or graphically for that particular 
loading ; therefore 


if 
Dee sels 3 5s sg RO 


l 
or the movement d@ at any point due to the distortion S of any one member is equal to that 


distortion multiplied by a number w#, numerically equal to the stress in the member caused 
by placing 1 lb. at the point in question, acting in the direction of the movement assumed. 

The student should guard himself here against the too hasty conclusion that the above 
demonstration applies only to movements of a loaded point. The relation between the move- 
ment of any point and the deformation of any member, from any cause, is shown above to be 
the same relation as exists between a force placed at ¢#a¢ point and the resulting stress in that 
member. This latter relation being readily found, it is used for the kinematical relation 
sought. When the vertzca/ movement is desired, the load of 1 lb. at the point acts vertically. 

The total movement of the point is therefore the sum of all its parts, or 

pul 


pe 2 aS Mite Pa A del Mia en (4) 


Hence follows Proposition II. 

When the vertical deflection is desired of the middle point of a truss, both pf and w will 
always have the same sign for all members when the bridge is fully loaded, and hence their prod- 
uct will always be positive. If any other point be chosen, or if the load be an unsymmetrical 
one, this product may be negative in a few cases, when the algebraic sum must be taken. 

In applying this in practice we always know f, the unit stress in every member for the 
assumed load on the structure, also its length Z, and its modulus of elasticity &.* It remains 
therefore only to find w for every member. Since this is a pure ratio, equal to the stress in 
that member for 1 lb. placed at the point, we simply put 1 lb. at the point whose move- 


* This modulus of elasticity is now known to be very constant for all grades of wrought iron and steel, and hence 
the deflection movements can be computed with great accuracy. 
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ment is desired and find the resulting stress in every member, either algebraically or graphi- 
cally. This, then, is to be considered as an abstract quantity, being in fact a pure ratio, and 
the factor of reduction by which the distortion ie of each member is reduced to the resulting 
movement of the point. This point would usually be the end of a cantilevered arm, as in a 
swing bridge, or the middle point of a truss supported at the ends. It may, however, be any 
point, and the truss may be of any design, so long as the stresses are all direct tension and 
compression, The formula can take no account of any bending stresses nor of any lost motion 
at joints. This formula may be applied to all kinds of trussed forms. The load on the truss 
may be any assumed load whatsoever for which /, the unit stresses, are computed. But the 
one-pound load, for finding « for each member, must be put at the point whose movement is 
desired and must act in the direction of such movement.* 

The truth of Proposition III is also nearly self-evident. If the paths be conceived as 
india-rubber, all taut and ready to act in resisting distortion, then for a given distortion the 
load will divide itself over the paths in proportion to their several resistances to distortion. 
But the degree of resistance to a given distortion is a measure of the rigidity of the body, 
Hence we may say the load divides itself among the paths in proportion to their respective 
rigidities. 

201. Deflection Formula for a Pratt Truss.—For approximate or working values of 
the deflection of any style of truss we may obtain 
a formula which is readily evaluated, provided 
we may assume some average values for in- 
tensities of the tensile and compressive stresses. 
Thus for a Pratt truss, single intersection, of an 
even number of panels, we may use Z, for the 
ip mean tensile stress and fg, for the mean com- 

pressive stress, for the modulus of elasticity, 

@ for the panel length, % for the height of truss, 
m for the number of panels, and obtain (referring to Fig. 258) 


(n—2) 1d 
2 2h 
Values of w 


Fic. 258. 


Us a’ 
For the Upper Chord =i = £e(n + 4) (x — 2); 
For the Lower Chord «PO 
| wer Chor sAil” (z — 2)+ 8]; 


i 6 — 4 2 2 
For the Web Tension Members =5 7 qt 2):(Ae-P aa); cas eee) 


For the Hip Struts «  _ 2Pccpa ne 
4 mers: 
For the Verticals a _ 2& ; 
- = Eh — 4 


RR 


* This elegant proposition in framed structures was first published in America by Prof. Geo. F. Swain in the Journal 
of the Franklin Institute, April, May, and June 1883. The proposition was first given by Lamé, and afterwards amplified 
and its application extended by Maxwell and Jenkin, in England, and by Mohr and Winkler, in Germany. In Prof. 
Swain’s treatment the proposition is based on the principle of virtual velocities, and he uses it for finding the stresses 
in various styles of trusses, particularly arches and continuous girders. The proof given above based on the equality 
between the external work of deformation and the internal work of resistance is much simpler in its conception and 
shorter in its method. The proposition may also be proved by the principle of least work. The most frequent use for 
this proposition probably occurs in connection with the deflection of structures rather than in the computation of stresses. 

After the distortions of the several members have been found, the change of position of every joint in the structure 
may be obtained graphically by means of Williot diagrams, which are themselves an elegant application of the graphical 
method. See a paper on The Distortion of a Framed Structure Graphically Treated by David Molitor in The Journal 
of the Association of Engineering Societies, June 1894. By this method both the horizontal and the vertical displace- 


+4 


a 
a 
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Whence for the whole truss the total deflection of the middle point for a full load is 


2 
D= shh _ bt Pry 4 2) “+ (= 2a], 
where /, = average unit stress of tension members; 
P. = average unit stress of compression members; 
£ = modulus of elasticity for all members; 
f = height of truss in inches ; 
@ = panel length in inches ; 
wz = number of panels in bridge. 

It will be noticed that in this case there is nothing to sum but w for each member, as 
grouped above in eqs. (5), p, 4, and & being constant for all the members of a group. Also 
for such members as give a value of ~ = 0, as for the middle vertical and the end hanger, they 
are of course omitted, or rather count for nothing in the summation. This means that these 
two members do not in any way contribute to the deflection of the middle point. 


NUMERICAL EXAMPLE.—Take a Pratt truss, 200 feet span, of twelve panels, with a height of 4oo inches, 
or 33 ft. 4 in., the panel length being 200 inches. If the average maximum tensile stress for both dead and 
live load be taken as 10,000 lbs. per square inch and the average compressive stress as 7000 Ibs. per square 
iuch, the total deflection is readily found from eq. (6) to be 2.49 inches. 


202. Relative Deflection from Web and Chord Stresses.—By adding the deflection 
increments due to web members and those due to chord members, we may obtain, 


For Chord, sree = Sle (2 — 2)+8)A,+(~+4) (2 — 2)p-| 5 


For Web, “© = ——[(w— 2) +2". (nw — 2) + 2dp). 


Pe ee) 


If we should assume that the average stress in the compression members is 0.7 that in 
the tension members or ~, = 0.7f,, we may write, 


SES EV TAN 


For Chords, = fae = aa 


(1.72° — 0.6% -+ 2.4); 


For Web, © = SE [(1.72 — 3.4) + (1 — 0.6) 
Whence 


h 2 
.8% — 13.6)|— } + 42 — 2. 
Deflection from web (6.8% — 13 \(5) 4 4 


SS ee ° ° ° o (9) 
Deflection from chords 1.72° — 0.6% + 2.4 


ie 
This ratio increases as 7 increases, and decreases as z, the number of panels, or length of 


bridge, increases. 
Hs a Pratt truss bridge of 200 feet span, of ten panels, and a height of 30 feet, this 


i % 
fraction becomes $9 or 96.4%. 5 | 

That is to say, for such a span and for the assumptions made, the deflection from web 
distortion is about equal to that from chord distortion. 

A Whipple truss is simply a pair of Pratt trusses joined into a double intersection system, 
and hence the deflection of the combination is to be computed by taking one of the systems 


alone. 


ments of every joint in the structure are obtained by a single graphical construction. If, however, only the vertical 
deflection of a single point in a structure is desired, the graphical method offers no advantages over the algebraic method 


here given, 
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Thus for such a bridge, 400 feet long, with twenty panels of 20 feet each, the panel length 
for one system would be 40 feet. Let the height be 60 feet, whence we would have z = I0, 
A= "AD, f= 00; 

For this case equation (9) would give exactly the same as before, since 7 is the same and 


h 
78 gives the same ratio. 


4 


For the case when “ is large and xz small, as for a bridge, say, of eight panels, of 15 feet 


each, with a height of 25 feet, we should find 


Deflection from web _142.8 
Deflection from chords” 106.6 


= 134. 


That is, for such a case the deflection from the web system is 1.34 times that from the chord 
system. On the other hand, if the height is about equal to the panel length, and the number 
of panels is large, as, for instance, 2 = 12 and # = d, then we would find that 


Deflection from web 28.4 
Deflection from chords _ 


Or, in this case, the deflection from web would be only about half that from the chords, or 
one-third the total deflection of the bridge. 

In general, it may be said that the deflection of a truss bridge from the web stresses is 
about equal to that from the chord stresses.* This is directly contrary to the usually re- 
ceived opinions of engineers, who generally assume that the deflection from web stresses is 
relatively insignificant. It is probable that Mr. Stoney is largely responsible for this generally 
accredited opinion, as explained above. 

203. The Effect on the Deflection of changing the Height of the Truss, everything 
else remaining the same.—We may differentiate equation (6) for % variable and find 


aD Pz Pacts Bip: (a+ as aor 


Se eID %— 2)), 


ee (i eyid?|) = Ee ae) 


This is the change in the deflection for a change of one inch in the height of the truss. 
Putting this quantity equal to zero, and solving for 2, we find the height of truss which 
will give a minimum deflection to be 


or 


@ /n+2 
h — i SS e oe 6 76 je ‘© ‘e 6 @ “6 
aA / ne (11) 
for a minimum deflection. 


From eq. (11) we find that fora minimum deflection, or for a maximum stiffness, for 
given working unit stresses, the height of this stiffest truss has the following values: 


TABLE OF HEIGHT OF PRATT TRUSSES OF MAXIMUM STIFFNESS. 


[SIGE codocoel) ey eyes 1.732 1,82d 1.94@ 2.052 2.162 2.27d 2.372 2.42a 
No. of panels.. 4 6 8 10 12 14 16 18 20 
Length — : 
Height “""""’ z3 3-4 4-3 5.3 5.9 6.7 | 73E 77 | BS 
eS Se en | 


* See numerical example in Art. 205, 
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Or we may say that for maximum stiffness for a given amount of material the height of the 
truss should vary between 12 and 2% times the panel length and from 0.43 to 0.12 of the 
length of the span, as the number of panels varies from 4 to 20. These heights being very 
nearly those used in the present practice of bridge designing, there is no new moral to be 
pointed from this conclusion. 

To show that the most economical truss is also the most rigid, let W = actual uniform 
joint loads, S(¢2) = sum of all joint deflections, P = stress in any member due to the loads 


P 
W, Z=length and A = area of cross-section of any member, ~p = we and & = modulus of 


elasticity. Then the 


Te) 
External Work = $W(d) = Internal Work = +3(P=) = palo. hen sae tcl) 


If we assume # to be a constant for the entire structure for this full load, then 


> 2(2) = 2(AL) = volume of the entire truss. . . 2... (2) 
Evidently when 2(4Z) is a minimum 2(¢2) must also be a minimum. Hence the lightest 
truss is also the most rigid for constant stress per square inch in the members. 

204. Inelastic Deflection.—It must also be understood that neither the general equation, 
(4), nor the particular one for a Pratt truss, (6), makes any provision for the inelastic deflection 
due to any slack at the joints from pin-holes being larger than the pin. Since this slack would 
be only one-half the difference between diameter of hole and that of pin at each end of the 
member, probably an average value of 0.02 inch would be about right for every member of 
a well-constructed bridge. Now this affects the web as well as the chord members, and it is 
equivalent to lengthening every tension member and shortening every compression member, 
except those in the top chord, by this amount. The top chord would be considered one 
member from end toend. The effect of such lengthening or shortening of any member on 
the deflection is given by the same ratio w, so that the deflection caused by this slack on any 
member is 0.02%, using the z for that member. In other words, the total inelastic deflection 
from joints would be 


Bpchisticelctiection 12) (= O.02\ 20) shh. ts <c, 68 ccs, ae (12} 


remembering to take but one aw for the top chord, and that one for the end panel. If the top 
chord is cut at every panel joint and the sections rest on pins, which is seldom the case, then 
all the z’s must be summed. ~ 

For a Pratt truss, of an even number of panels, with top chord provided with riveted 
cover plates and planed joints, we have 


Inelastic Deflection = D’ = 0.0234 = sol (E pill 8)d-+ 2(n — 4) + 2n Vhi + ? |. (13) 


For the Pratt truss, used in the above example, where x = 12, 4 = 400, and d = 200, 
being 200 feet long, we find the inelastic deflection to be equal to 0.494 inch. For the condi- 
tions named, therefore, the total deflection of this truss would be 2.49 + 0.49 = 2.98 inches, or 
say 3 inches. 

This is, of course, the total deflection due to both dead and live load, when the maximum 
load is on, or it is the amount by which the bridge should be cambered to bring it horizontal 
under its maximum working load. 
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205. Numerical Computation of Deflection The truss shown in Fig. 259 is one from 
a highway bridge on Twenty-first Street, St. Louis, erected in 1892. The following is a 
tabular computation of the deflection of this bridge under its full live load only. The deflec- 
tion is found for the centre (/), and hence the 1-lb. load is placed at this point for computing 


w. Two Maxwell diagrams gave both # and the total stress in the members for full load. 
Since both the loading and the deflection point are symmetrical, we may find the values for 
one-half only of the truss and then multiply the final result by two for the corresponding 
members on the other half of the truss. 


COMPUTATION OF DEFLECTION AT CENTRE OF TRUSS. 


A : Area of Sec- Contribution to Truss 
Mcmber._| Pagina | Stress fiom Live |iontasauare| Stee per Sgnare |) gf 2 Detection = 22 
in, 

AB 247 -++ 169,000 60 -L 2,800 + .0247 + 0.38 + 0.0094 
BC 246 -++ 274,000 60 + 4,570 + .0401 + .69 + .0277 
CD 245 -++ 337,000 TB) + 4,380 + .0383 + .96 + .0368 
OYE; 244 + 364,000 Ii + 4,730 + .0381 + 1.21 + .0461 
EF 244 + 377,000 7 + 4,890 + .0426 sagt + .0643 
bc 244 — 165,000 31.5 — 5,240 — .0457 = On Shy) + .o169 
ca 244 — 272,000 49 — 5,550 — .0483 — .68 + .0328 
de 244 — 333,000 61.2 — 5,440 — .0474 — 17 Q5 + .0450 
ef 244 — 361,000 69.1 — 5,220 — .0455 — 1520 + .0546 
Half sum = + 0.3336 
2 

Total Deflection from the distortion of Chords = 0.6672 in. 
Ab* 377 — 257,000 49 — 5,240 — .0706 — 0.58 + .0409 
Be 408 — 228,000 33 — 6,910 — .1007 — .51 + .0514 
Cd 435 — 110,000 24 — 4,580 = .0712 — .49 + .0349 
De 458 = beyoee 15 =a 32539 == SORT ane Ay + -0271 
Ef 476 — 31,000 EY. 2 — 2,770 — .0471 — .60 + .0283 
Bb 327 ++ 148,000 36.5 -| + 4,050 + .0473 + .44 ++ .0208 
(O% 360 + 93,000 24.5 + 3,800 + .0489 + .41 + .0260 
Dd 387 + 41,000 22.5 + 1,820 + .0252 + .41 + .0103 
Ee 408 + 7,800 22.5 + 350 + .0051 + .40 + .0020 

Sa se ee eee ee 
“b .2357 
2 

Total Deflection from distortion of Web + 0.4714 in. 


Total Flastic Deflection of Truss for Live Load = 1.1386 in. 
Percentage of Deflection due to Web Members = 41.4 


should take account of the deflection which may be attributed to the web system. Otherwise 
the computed stresses in the chords, for this case, would be about twice their actual amount. 

206. Camber of Bridges.—A bridge is cambered partly for appearance and partly that 
the top chord joints may come to a square bearing when the maximum load is on. It of 
course adds nothing to the strength of the bridge. 

The camber should equal the total deflection, being the elastic deflection due to the 
maximum dead and live loads and the inelastic deflection due to lost motion at the joints. 

The general formulas for these two kinds of deflections are (4) and (12), and for a Pratt 
truss they are given by equations (6) and (13) respectively. 


: a. ane Oa aa a 
* The member 4a being a heavy tower, it is not included in the table. 
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A Whipple or any double intersection truss with parallel chords may be considered as 
two Pratt trusses which must deflect together ; and hence equations (6) and (13) may be applied 
to them, being careful to take ~ and d for one system only. That is, 2 would equal one-half 
the total number of actual panels and @ would equal the length of two panels of the double 
system. 

There is no question but that present practice of allowing the upper chord to spread at 
top where the sections join, relying on its closing up when the maximum load is on, is a poor 
one. If the cover plates are thin and the number of rivets few, then these joints do actually 
open and close at top for every passing train. If heavy cover plates on both top and sides 
and a sufficient number of rivets are used, then as this joint is riveted up, so it will 
remain. In this case it should be riveted up in a horizontal position, and then cambered up 
to its final position by bending it as awhole from end toend. This can readily be done if the 
chord be riveted up before the bridge is swung. It would have to be supported horizontally 
and all pins inserted except one at bottom. After riveting up the top chord the truss could 
be jacked up and the last joint closed. The upper chord will then bend bodily from end to 
end and there will be no movement of the splice. One can see that the upper chord of a 
200-foot span will readily bend 3 inches, if this bending is continuous, without serious 
damage ; whereas, if it had all to occur at, say, five or six joints, it would be a source of 
weakness. 

In case the ends of the channels should be cut square so as to come to a full bearing for 
the maximum load, but riveted up with the camber in, then for all ordinary loads the stress is 
all thrown on the bottom flanges of the chord channels. It may be asserted that no serious 
damage would result, but it is at best a very unskilful way of carrying this stress across the 
spliced section. 

207. Errors caused by Neglecting Deflections due to Web Distortions.—In all 
computations of stresses in metallic structures based on the deflections, or distortions, of the 
structure from internal stresses, the ordinary formule give erroneous results. 

Thus in computing the stresses in a continuous girder caused by the settlement of its 
supports, or the temperature stresses in an arch between fixed abutments, or the stresses in a 
stiffening truss of a suspension-bridge, the stresses are in all these cases functions of certain 
assumed or computed distortions. These distortions are always assumed to result in certain 
bending moments only, and to be wholly provided for by the strains of the chords. No 
assistance in accommodating this distortion is credited to the web members. By whatever 
proportion this distortion is absorbed by the web members, the stresses in the chord members 
are reduced below those now computed for them. 

In the case of metallic arches, and stiffening trusses on suspension-bridges, the distortion 
absorbed by the web is small because the trusses are shallow as compared to their length. 

The relative absorption by the web of the horizontal distortion of the St. Louis arches 
due to a change of temperature is only about one-sixth of the total amount. In the compu- 
tations it was all assumed to go into the chords, or tubes. 

In the case of a continuous girder, however, the depth would be great in proportion to the 
span, and here the computations of stresses due to a settlement of supports (not supports out 
of level as usually stated, for if the bridge be built to rest on such supports the formule apply) 

208. The Determination of Stresses in Redundant Members.*—The above ready 
method of computing deflections accurately, together with the use of the principle expressed | 
in Proposition III, enables us to find the stresses in redundant members, or in other words to 


* For a very complete paper by Prof. Wm. Cain, M. Am. Soc. C. E., on this method of finding stresses in redun- 
dant members, based on the principle of least work, see Trans, Am. Soc. C, E., Vol, XXIV., p. 265 (Apr. 1891). 
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solve any composite system, however many combinations there may be in it. To do this we 
must compute the deflections of each elementary system for a given load. The reciprocals of 
those deflections represent the relative rigidities of the different combinations, and since the 
load is to be divided in proportion to these reciprocals, we thus obtain one less number of 
equations than we have systems. The other equation results from the sum of the parts 
equaling the whole. This then gives us as many equations as there are systems, and we can 
determine what part of the total load passes over each combination, and hence solve for the 
stresses in such combination. If any one member forms a part of two or more combinations, 
the total stress in it is the sum of all the stresses caused by the several combinations of which 
it is a part.* 

The application of the formula ee and the solution for redundant members will be 


illustrated by an example. 
By putting in the members AG and BG, Fig. 260, the system becomes composite. The 


Length of Members y, Values of u 
11D 


Fic. 260. Fic. 261. 


first system is shown in Fig. 261, and the second in Fig. 262. The members AB and GD are 
common to both systems. 
The lengths of the members are given on the left half, and the values of for 1 lb. placed 


at D are given for all the members on the right half of Figs. 261 and 262. 


Gj 


Li: Values of w 


Wh 
Fic. 262, Fic. 262a. 


The load at D will divide itself between the systems shown in Figs. 261 and 262; the 
load at E between the systems 261 and 262a, and similarly with the load at C, provided CG 
and GE can take both tensile and compressive stress. 

By Prop. III the load at D will be divided between the two systems directly as their 
rigidities, or inversely as their deflections for any given load. But when the joint D is fully 
loaded we may suppose the whole bridge is fully loaded. In this case all the members would 
have their working unit stresses which may be supposed to be the same, as 7, for all the ten- 
sion members and %, for all compression members in the combination. At least the parts 
should be proportioned to give nearly these uniform values, and it will be here assumed that 
they have them. 

Since we wish the deflection at the point D, we put the 1-lb. load there for finding zw, the 
resulting stress in each member. These values are given for both systems on the right-hand 
portion of the figures. 


In the case of initial stress in counters in any panel, the shear in this panel from external loads divides itself 
between the diagonals by increasing the stress in one and diminishing it in the other. Thus if a; and ag are the areas 
of cross-section of the two counters, and S is the shear from external forces, the portion of this shear taken by a, is 


. : a2 < : ONC a F r 
Sand the portion taken by a, is ——~—5S, being additive in the one case and subtractive in the other, so long as 


ay, +a, 


Qa 
a + ay 


both remain under stress. 
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The lengths also being there given, and fi and p, and & being known, we may write at 


once the values of oe for each member: 


Thus for the first truss we have 


For lower chord, fe BAS we 


Lats 
For upper chord, ae eae e ; £. 
For verticals, at — aie. 
Bor inclined’struts,  “« i= (= a es) : f. 


Whence the total deflection of the first truss, for a full working load, producing the unit stresses 
2: and £, is 


Deflection = 3200 28 17" (e+ 2): wen fete BRUTE 


For the second truss, for a full working load, producing the unit stresses Z, and g,, we have 


For the lower chord, Pu — Ags ee 


E hee 
For the vertical, eng puede 
E 
For inclined struts, ee ee ats : fe, 


Whence for the entire truss 


Deflection = we sales +P). bat Sie ra, tee eee Coy) 
These two deflections are equal, as seen in equations (14) and (15), when 3a’ 4+ 2h’ = 4a’ + 2’, 
or whend=%. In this case the load at D would divide itself equally between the systems. 
Next taking the load at 4, and the two systems shown in Figs. 261 (load at & instead of 
at D) and 262a, placing now the 1-lb. load at E in each system, and assuming again that the 
distribution of this load is desired when the whole bridge is loaded, giving a f, unit stress in 
all tension members and a f, unit stress in all compression members, it can be shown, as 
before, that 


a+h 
Deflection at Z of first system (Fig. 261) = = SENET 7 yall Wy eee (LO) 


ath 
Deflection at Z of second system (Fig. 2622) = @ “ —(~:+f). + « + (17) 


If d= h, these become ip, + p.) and ep, - p.) respectively. 


Therefore the load at Z divides itself in such a way that $ of the load at Z goes on the 
first system (Fig. 261) and % on the second system (Fig. 262a). 

Evidently the same would hold true for the load at C. In other words, for the bridge 
fully loaded, and for d = #, $ the load at D and $ of the loads at C and & would be carried 
_by the Pratt truss system, and the remainder by he system AGBEDC. It will be noted also 
that the stress in GC and GE is compression in the former and tension in the latter, and hence 
the real stress in these members is the algebraic sum >f the two, 
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From the above it is evident that for any given combination of members, and for any 
given system of loads, it can be determined what portion of the total load goes on each 
system, and hence what the stresses are in every member. 

209. Direct Measurement of Bridge Strains.—To learn the actual strains in members 
of a bridge truss, or the strains produced by rolling loads at various velocities, some kind of 
apparatus must be attached directly to the members themselves, and their elongation or 
compression noted under the various conditions of loading. The apparatus shown in Fig. 263 
has been successfully employed in Europe on 
riveted structures. It has a length of 1 meter 
between attachments, and registers to 140 lbs. 
per square inch (0.1 kg. per sq. mm.) when read 
to one tenth of one division on the scale. Any 
good instrument-maker could readily construct 
a similar one to give stress readings by means of 
avernier to 100 lbs. per square inch. If the 
length be taken as five feet, this would require 
reading this length to the nearest 0.0002 inch. 
The diameter of the upper disk should be about 
10 in. and the length of indicator about 6 in. 
In working out the relative lengths of the arms 
take H = 28,000,000. The method of attach- 
ment is important. It should be fastened by 
means of pointed steel set-screws. For eye- 
bars this is an easy matter, but for compression 
members it is more difficult. The attachment 

Fic. 263. should in all cases be symmetrically made on 
opposite sides of the member, in the plane of its neutral axis. It should be graduated to read 
in thousands of pounds per square inch. + 

209a. Vibration of Bridges from Synchronous Impacts.—Every beam or truss 
carrying a given total load has a definite period of vibration independent of its amplitude. 
This subject has been investigated theoretically and practically,* and the periodic time of 
vibration has been found to be 


4 


z= 0.0093/ FET Pie ae ee ee 


(16) 
where ¢ = time of vibration in seconds : 

/= length of truss or beam in feet , 

/ = total load in pounds on one truss or beam, uniformly distributed ; 

£& = modulus of elasticity of the material ; 

/ = moment of inertia of the truss or beam in Joot-untts. 

When this periodic time of vibration coincides closely with any synchronous impact, as 

the stepping of a horse, or the revolution of unbalanced locomotive drivers, or the passing of a 
low joint on a railway bridge, the amplitude of the vibration rapidly increases until a com- 
paratively small impact may by repetition produce serious deflections with their corresponding 
stresses in the members, Diagrams ‘showing this action on railroad bridges have been 


obtained by Prof. S. W. Robinson (Trans. Am. Soc. C. E., Vol. XVL., p. 42), who has also 
fully discussed the problem. 


[i a ee 


2 


a= 


* 2 a . = —, W 
By M. Deslandtres, in Annales des Ponts et Chaussées for December, 1892. His equation is 2 6.5 s here gis 
£I 


F Z 
ravit =e i ; : i i 
g y,@ 2 and kilogrammetre units are used. Various diagrams showing the effects of synchronous impacts are 
given. = 
} See an excellent paper on this subject, giving results of experiments, in Engineering News, May 9g, 1895, Pp. 300. 


These results show that the actual strains agree very closely with the theoretical statically computed strains, even on 
the hip-verticals, under a speed of train of 55 miles per hour. 
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STRUCTURAL DESIGNING. 


CHAPTER XVI. 
STYLES OF STRUCTURES AND DETERMINING CONDITIONS. 


_ 210. General Considerations.—The selection of the proper structure to use to fulfil 
given conditions is a problem which would have to be solved as a special case for any general 
rules which may be established. The determining factors are so variable that experience in 
the location and selection of the proper structure is a much safer guide than any rigid formule. 
There are, however, some general principles and approved rules which are worthy of attention 
and which may be used without any very great error by those who lack the needed experience. 
The two important problems which confront a constructing engineer at the beginning in the 
building of a new bridge are, Ist, the best location for the bridge; and 2d, the proper 
structure to use. The items of first cost and cost of maintenance must be considered together 
with the probable life of the bridge and its safety in the case of a derailed train. In general, 
it may be assumed that the item of first cost is the only one which may be varied for any 
special case as the other items depend upon the details of the construction which would be 
similar for various locations of the bridge or for different structures. Economy in first cost 
will then be assumed as the desired result. The first cost of a bridge will vary as the quanti- 
ties of the material which are necessary in its construction vary. The quantities which may be 
varied are the masonry in the piers or the substructure, and ironwork in the spans or the saper- 
structure. he first cost will be a minimum when the combined cost of the substructure and 
the superstructure is a minimum. 

211. The Selection of the most Economical Location for a Bridge.—lIt will be 
assumed that the cost of building the road to any of the crossings under consideration Is 
constant, or that the difference in cost on this account may be readily estimated and taken 
into account in the comparisons. When there are no local conditions limiting the length of 
span used and if the same style of bridge (i.e., deck or through) may be used, the cheapest 
bridge is manifestly the shortest. However, if the spans in each of the locations were fixed by 
local conditions and were different, the shorter bridge requiring the longer spans, it may 
be possible for the longer bridge to be the cheaper. The amount of iron in a single-track pin- 
connected span is very closely approximated by the following formula: 


W = al? + bl, 


where W = total weight of iron in the span, 7= length of the span, @.is a constant which may 
be taken as 5, and & another constant which varies with the live load used in proportioning 
the structure. The term a/? is usually assumed to represent the weight of the trusses, and 
ki to represent the weight of the floor system. If this were true, both a and & would vary 
with the live load used, and no doubt a closer approximation to the weight could be made by 
varying both a and &, but in an approximate formula little benefit is derived from such refine. 
ment. Fora live load of 100-ton engines with the usual train load and specifications a may 


be taken as 5 and # as 350. = 
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The weight per linear foot, w, of a bridge of spans of 7 length would be, theretore, 
W 
AD = WE = 5é+ 350. 


If Z is the total length of the bridge, the total iron weight would be 


L(52-+ 350). 


This formula could be used to find the iron required at the various crossings, and there- 
fore the cost of the superstructure. Combining this with the estimated cost of the substruc- 
ture, the cheapest crossing can be very closely determined. 


As an illustration of the application of this formula we will assume alternative single-track crossings, 
one of which requires five 200-ft. spans, and the other three 300-ft. spans. 


Bor the five 200-[t..spans, 5s 44), 4 | 20 a 350, ee ke oogins. 
For the three 300-ft. Spans, . 5 <5. «= « « Wie 1dsOm sail 0G8- oGOuie: 


If the price of iron was five cents per pound, there would be a difference of $15,750 in favor of the 
longer bridge in the cost of the iron. If this were more than enough to pay for the two extra piers required 
the longer bridge would be the cheaper. 


212. The Proper Structure to Use at a Given Crossing. 

ist. Bridges of One Span.—The cost will vary with the kind of bridge used. This question 
will be considered in detail in a following article on the kinds of bridges, classifying them 
according to their method of construction into plate girder bridges, riveted truss bridges, and 
pin-connected truss bridges. Assuming the znd of bridge as constant, the cost will depend 
upon the selection of the cheaper style of bridge, ie., deck or through. The deck bridge may 
generally be assumed to be the cheaper style. By referring to Fig. 264, it will be seen that 


===) 


Fic. 264. 


there is a saving in the height of the necessary piers about equal to the depth of the truss due 
to the use of the deck span. There is an increase in the weight of the necessary iron of about 
ten per cent for the deck span, but this will never offset the saving in the masonry. Fig. 264 
represents the case where the abutments are simple piers, the approaches to the span being 
trestles of wood or iron. Fig. 265 represents the case where the abutments are retain- 
ing-walls. There would generally be no increase necessary in the masonry on account of the 
span being supported on the retaining-walls, so that the choice would be between the deck 
and through spans, as shown in the figure. There would be very little saving, if any, accom- 
plished by using the deck span except for the shorter spans, say under 180 feet long. For 


“a 
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these shorter spans the trusses of the deck spans may be placed closer together than 
would be permissible for through bridges on account of the clearance necessary between the 
trusses of the latter. This would reduce the length of the floor-beams and save some iron. 


The iron floor system may be dispensed with in the shorter deck spans by supporting the 
cross-ties directly on the top chord and a further reduction in the required amount of iron 
made. 

2d. Bridges which may be of One or More Spans.—When the span lengths are fixed by local 
conditions the problem becomes equivalent to that of a series of bridges of one span each, the 
only open question being the kind of bridge and the style (i.e., deck or through). When 
the span lengths may be varied and the style the same, a very close approximation to the 
correct length of span to use for economy in total cost can be obtained as follows: 


Let A == cost of the two end abutments zz dollars ; 

B=cost of the floor and that part of the iron weight which remains constant 7 
dollars ; 

= cost of one pier in dollars assumed as constant ; 

= length of the bridge in feet ; 

== number of spans ; 

= price of iron per pound zx dollars ; 

= total cost of bridge zz dollars ; 

= weight per foot of a span @ feet in length. 


eewee wD 
| 


The weight represented by aisthat part of the weight per linear foot which varies directly as 


g ; if 
the length of span (see Art. 211). Then the weight per foot ef a bridge with spans of Z 
al : 
length will be Rie and the total cost of the bridge will be 
al 
Ya a 1I)C + lap 


From this we find y to be a minimum when 


Z 
— 2c 
be. ap 
i ee eae 
(Pa : d,— = V4C; and if iron 
For pin-connected truss spans 7 = a If iron costs five cents per poun oo iu 


~= Vs economical lengths of spans, in feet, for piers of 
costs four cents per pound, aS V5G.- “Lhe g 
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various costs are given in the following table, assuming the iron to cost four and five cents 
per pound respectively. 


Economical Length of Span in Feet. Economical Length of Span in Feet. 
Cost of One Pier. Cost of One Pier. 
Iron 4 cts. per lb, | Iron 3 cts. per lb, Tron 4 cts. per lb, Iron 3 cts. per Ib. 
$2000 100 115 $10,000 225 258 
3000 122 IqI 12,000 245 283 
4000 141 163 14,000 265 305 
5900 158 183 15,000 283 316 
6000 173 200 - 18,000 300 346 
7000 187 216 20,000 353 
8000 200 231 24,000 400 


As the length of the bridge is fixed, such a length of span may be readily selected which 
will make the total cost of the bridge a minimum. 

The assumptions made in deriving the formula for the economical length of span are not 
liable to be in error enough to affect the choice of the proper length of span to use if the total 
length of the bridge is fixed, as this length can rarely be divided into an even number of spans 
of the economical length. It is well to err by choosing a donger span than the economical one 
rather than a shorter span. 

213. Kinds of Bridges.—The metal structures in common use in the railway practice of 
the United States may be divided into the following kinds according to their method of con- 
struction : 

“Ist. Plate Girder Bridges, used generally up to 75 feet span and often to a little over 
100 feet. 

2d. Riveted Truss or Lattice Bridges, the ordinary lengths of which range between 70 and 
110 feet. The extremes of length, however, are not very definitely marked, as some engineers 
use them as short as 50 feet and others use them for almost any length. 

3d. Pin-connected Truss Bridges, the lengths of which range from 80 feet to the longest 
span in use. : 

A review of the generally accepted merits of each of these kinds of construction will be 
given for the purpose of aiding the student or engineer in the selection, when occasion 
demands, of the proper structure. Economy will be the deciding factor in the selection of 
any particular design, and it is for the engineer to decide what is true economy for his special 
case. The cost of the maintenance of the floor and the stiffness of the structure against 
vibration, which is a measure of the probable life of the bridge, together with the degree of 
safety insured in case of the derailment of a train, are items which affect the true cost in addi- 
tion to the first cost and should have due consideration. While discussing plate-girder 
construction some of the floors in general use will be described. A few empirical formule for 
the iron weights of bridges will also be given, from which it is believed that it will be safe to 
derive the iron weight to be used in the calculation of the stresses, and also which will show 
relatively the amount of iron in the different kinds. These formule have been found to give 
good results for engine loadings of about one hundred tons each with the ordinary train load. 
They also assume that the structures are carefully designed under some of the approved general 
specifications now in use, and that the bridge is not askew, that the alignment of track on the 
bridge is a tangent, and that the design is the most economical in proportions and details. 

214. The Plate Girder Bridge now generally used for spans of 75 feet or less is deservedly 
the most popular kind of construction in use. There is a minimum opportunity for error in 


* This classification to include rolled I-beams under Plate Girders, 
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its design and calculation, small chance for defects due to faulty workmanship, and when once 
put in place requires little attention, except the necessary application of paint to prevent 
rusting. It is the simplest and cheapest in manufacture for short spans, but for lengths over 


Fic. 206. 


60 feet it is the most expensive in first cost of all, due to the fact that it requires more 


iron in its construction than any other. Its use is gradually extending to longer spans in 


spite of the cost. For the longer spans over 75 feet the girders become so very heavy that 


Bic. 267. 


transportation becomes difficult. The longer spans require deep girders for economy in iron, 
and the necessary web plates can only be obtained in short lengths, making frequent web 
splices necessary, thus adding weight and increasing cost. It is always preferable to have plate 


Fic. 268. 
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girders riveted up completely in the shop by power, leaving the bracing between the girders as 
the only parts requiring hand riveting after the girders are in place on the piers. 

Fig. 266 shows cross-sections at ends and in middle of span for a single-track deck plate 
girder bridge with the usual floor and mode of attachment. The floor shown is the one most 
generally used. The detail construction of the ironwork is simple. 

Fig. 267 shows a cross-section of the most common style of plate girder through bridge 
with the same floor and method of attachment as was shown in Fig. 266. 

Fig. 268 shows the cross-section of two styles of through plate girder bridge in which the iron 
floor system shown in Fig. 267 is dispensed with and the track supported on large cross-ties rest- 
ing on shelf-angles riveted to the webs of the girders or on the bottom flange angles. 

Fig. 269 shows longitudinal sectional views of through plate girders with various kinds of 
the solid iron floor on which a ballasted roadbed is carried over the bridge. 


The iron weights of the various styles of plate girder bridges * may be approximated by 
the following formule: 


Deck Plate Girder Bridge, w—ol +110; 
Through Plate Girder Bridge, w — 83/ ++ 300 (iron floor system), 

‘ rf ns w = 94/-+ 150 (large ties on shelf or flange angles); 
w = 10/ + 600 (solid iron floor) ; 


(3 6c 6c “ca 


when w = iron weight per linear foot, 7= length over all of girders (i.e., length of necessary 
bed plates plus distance centre to centre of bed plates). 

215. Bridge Floors.—Figs. 266, 267, 268, and 269 show nearly all the floors now much 
used. Attention will be called, however, to a very popular modification of the floor shown in 
Fig. 267, which consists of the addition of safety stringers or two additional stringers placed 
from 2 to 4 feet outside of the main stringers. They are usually made one half the strength 
of the main stringers, and are used for safety in case of the derailment of the train. Some. 
times the main trusses or girders of the bridge are used in place of the safety stringers, as, for 
example, in Fig. 267 the cross-ties may be extended to rest on ‘shelf-angles riveted to the webs 
of the girders. 

The floor shown in Fig, 268 may be called the standard and is the most generally used of 
all. The details of the guard-rails and the many various methods of attaching cross-ties and 
guards to the supporting ironwork will not be considered. The usual attachment is to fasten 
ties and guards to the stringer by means of a three-quarter-inch hook-bolt passing through 
every third or fourth cross-tie. The wooden guard-rails are spiked or bolted to every tie. 
The wooden guard-rail is usually placed with its inside face about 1 foot from inside face of rail 
orgauge. The inner upper corner is sometimes covered by an angle-iron put on with countersunk. 
head spikes. Cross-ties are usually spaced with openings of from 4 to 6 inches between them. 


* Single track, 
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The floors shown in Fig. 268 are used when a cheap bridge is wanted and when the 
distance from the rail to the under side of the bridge is limited. The objection to them is that 
the cross-tie is under strain from the load and must necessarily be very large and subject to 
continual inspection, and be promptly removed in case any defect which impairs its strength 
is noticed. The replacement of the cross-ties is a difficult task, and in order that they may be 
put in at all the stiffener angles on the inside of the web plate must be so spaced as to allow, 
room to get them in. The size of cross-tie to use is determined by the load to be carried 
assuming the heaviest axle load to be supported by three ties, allowing an extreme fibre 
stress of from 800 to 1000 lbs. per square inch. 

The solid iron floors shown in Fig. 269 are not very generally used as yet, the railroads 
which do use them much being those in the North and East. They are expensive owing to the 
amount of iron necessary in their construction, but are undoubtedly the safest, most rigid and 
permanent of all the various kinds. They can be built when the distance from the rail to the 
lowest part of the bridge is very small. With this kind of floor the corrugations are filled with 
concrete, usually bituminous, and the standard ballast on top of this. The cross-tie may be 
embedded in concrete in the corrugations in case the floor must be very shallow. The iron in 
corrugated floors alone weighs from thirty to forty pounds per square foot of floor. 

216. Riveted Truss or Lattice Bridges are used for the shorter spans on account of 
their cheapness, the plate girder being the only allowable substitute, while for the longer 
spans when they sometimes supplant pin-connected trusses it is generally so because of a 
prevailing belief that they are stiffer structures and safer under a derailed train.. There is a 
range between the limits of about 80 and 100 feet, in which the riveted truss is undoubtedly 
preferable to the pin-connected, but beyond that it is very doubtful whether it is correct to 
adopt it in preference to a well-designed pin-connected bridge if the price is in the latter’s 
favor, as it usually will be. Either kind of construction will make satisfactory bridges for the 
longer spans if well designed. 

in the design of riveted trusses the use of multiple systems of web bracing has become 
generally accepted good practice, and now it is the preferable bracing for all lengths of span. 
In the multiple intersection trusses the effect of the distortion of the truss under load at the 
joints of the web and chord members is much reduced by the rigid joints made at the inter- 
sections of the web members themselves. For very deep trusses the effect of the distortion is 
also small, so that single intersection trusses will make good bridges. 

The secondary stresses in the riveted truss make the calculation and design of them very 
much more unsatisfactory than for a pin-connected truss. 

The riveted truss may be built with T-chords or box-chords (Fig. 270), the latter being 
the more expensive, but generally the preferable design. 


Box-CHORDS, Fic, 270, T-CHORDS. 


For “ pony trusses” or half-through bridges the box-chord will always make the better 
bridge. The web bracing should always be symmetrical with the plane of the centre of the 
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truss, and care should be taken to get the neutral axes of all members meeting at a joint to 
intersect at one point. 
The riveted truss requires more metal in its construction than the pin-connected, and its 
manufacture is nearly as expensive. For long spans the trusses of which cannot be shipped 
riveted up complete, all connections of web members with the chords must be hand-riveted. 
The iron weights of riveted truss bridges* may be approximated by the following formule 


Deck bridge, cross-ties on top chord..........+.0 eee outers w = 7/-+ 200; 
Through bridge; irom, floor system au. ares es Cee w= 71+ 300; 
qw = iron weight per linear foot; /= length centre to centre of bearings. 


217. Pin-connected Truss Bridges are more generally used than the riveted, and owe 
their popularity to their cheapness, facility of erection, and adaptability to almost all con- 
ditions. They are used for all spans over 80 feet, although the general practice now is to 
limit them to spans over 100 feet. In the early days of bridge building the use of the pin 
connection was imperative, but of late years the facilities of constructors in general for handling 
larger pieces and for doing better field work in erecting and riveting, and the capacity of the 
railroads for transporting heavier and longer pieces than formerly, have made it possible to 
build better riveted trusses. It is chiefly because of this that the riveted truss is supplanting 
the pin-connected for the shorter spans where short panels and very light trusses would make 
the latter expensive. The pin-connected truss can be more satisfactorily designed and pro- 
portioned because of its almost absolute freedom from secondary stresses. 

The single intersection truss is now the accepted practice in the construction of pin- 
connected truss spans, the recent use of the inclined top chord correctly and the Petit truss 
making it possible to build long spans cheaply owing to the lighter and shorter members that 
the latter types require. 

The two general types of truss in common use are the Warren or Triangular truss and 
the Pratt truss. Another type of truss deserving of mention is the “ Pegram truss, designed 
and patented by Geo. H. Pegram, M.A.S.C.E. It is fully described in Part I of this book. 

218. The Warren or Triangular Truss usually requires less material in its construction 
than the Pratt, and for short spans, particularly deck spans, is commonly used. It is also often 
employed when it is desirable to avoid adjustable members in the truss, because the symmetry 
cf the truss is maintained and a much better looking structure secured than if the Pratt were 
used with stiffened ties in place of counter ties. An objection often urged against the Warren 
is that the continual reversal of stress in the web members causes the bearings on the pins to 
wear or indent the latter. An increase of the bearing surface on the pins would be the remedy 
for this. A great objection to this truss for through spans is that the floor-beams must either 
be suspended from the pins or vertical posts introduced at each panel point to rivet the beams 
to above the pin; the former requirement making the design of an efficient lateral system 
difficult, and the later adding material with very little compensation. This truss is now rarely 
used for long spans. 

219. The Pratt Truss, including in this type all single intersection trusses with vertical 
intermediate posts, is by far the truss most generally used. It may be termed the standard 
truss in American practice. In its details it is simpler than any other form, and has stood the 
test of continual use without any diminution of its popularity. In economy of material and 
cost it is only second to the Warren for the shorter spans, while for the longer inclined chord 
and Petit truss spans it requires less material and is less expensive. The recent long spans 
built in this country are generally Petit trusses. 


= Single track, 
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The iron weight in pin-connected brid 


j ges may be approximated by the following formule 
(single track) : 


Deck span, cross-ties on top chord...... w= 52+ 250; 
Si BeelLondloor System... 7 os w = 5.0/ + 475; 
Through span, iron floor system........ w = 5.0/-+ 350. 


220. Swing Bridges.—For clear openings under 60 feet the plate girder bridge is 
generally used, the alternative being the riveted truss for these shorter spans. For more than 
60 feet clear opening the pin-connected truss is used because of its cheapness, and as it also 
has necessarily the advantages of stiff top and bottom chords. 

221. Cantilever Bridges.—Cantilever bridges are now used only in those cases where it 
is impossible or impracticable to erect simple spans. They are not economical in material, as 
they rarely, if ever, require as little iron in their construction as a simple span. Owing to 
their lack of rigidity, a simple span bridge is preferred if it is practicable to build one at the 
crossing. 

222. The Three-hinged Arch Bridge will very probably be preferred in those cases 
where the bridge must be erected without any temporary false-work, and where the abutments 
may easily be made sufficient to take the thrust. A bridge of this kind can readily be 
designed to erect as a cantilever. The three-hinged arch requires less material in its construc- 
tion than a simple span. 

223. For Long Spans, including those over 600 feet, the cantilever, the arch, the canti- 
lever-arch, and cantilever-suspension are the types from which the engineer has now to select 
the proper structure. The cantilever-arch and cantilever-suspension bridges require the least 
quantity of material, and are probably the designs to be depended upon for spans longer than 
the practical limit set for simple spans. 

223a. The Essential Elements of Good Bridge Drawing.*—Some of the elements 
which go into the make-up of good drawings are: 

(1) Plain lines not too finely drawn, which will show clearly on a blue print; (2) legible 
figures which cannot be mistaken, with foot and inch marks clearly shown in their proper 
places; (3) plain, legible, free-hand, conventional lettering; (4) a simple arrangement of 
views, dimensions, and notes, which should be strictly adhered to, particularly in the same set 
of drawings; (5) a careful arrangement of dimension figures, to be shown similarly on all 
drawings; (6) duplication of dimensions to save patterns and tempuates and to facilitate 
manufacture; (7 arrangement of parts, location of rivet and bolt holes, etc., to suit the con- 
venience of shopmen, erectors, painters, and inspectors; (8) a good system of marking the 
component parts of a structure, for the convenience of shopmen and erectors; (9) a sys- 
tematic arrangement of bills of material on the drawings; (10) a clear conventional title in 
the same location on all plans of the same set; (11) a standard size for sheet of drawing 
paper; (12) proper dates and signatures. 

If the foregoing specifications are observed in the making of drawings, others which are 
essential will naturally follow, resulting in good drawings, and the draughtsman whose rule is to 
make good drawings will find that each set of plans will show improvements on previous ones. 

A draughtsman should be acquainted with the strength of materials, the kinds which are 
available for his use, and the comparative cost of them. He should be informed on mill, shop, 
and foundry practice, and the methods employed by masons, carpenters, erectors, and other 
mechanics who take part in the construction of a bridge. He should be familiar with good 
specifications for all classes of work which enter into the construction of bridges, and should be 
thoroughly acquainted with the specifications for the work in hand. 


* From a lecture by Onward Bates, M. Am, Soc. C. E. 
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CHAPTER XVII. 


DESIGN OF INDIVIDUAL TRUSS MEMBERS. 


224. The Fatigue of Metals.*—Elaborate experiments in Germany and elsewhere 
have shown that the ultimate strength of metal from a single test is no indication of its ability 
to resist repeated stresses, 

If / = initial unit strength; 

f, = greatest unit load that may be repeated an unlimited number of times; 
Pp. = greatest unit stress that can be reversed an unlimited number of times ; 
then we may call 
Jf the initial strength ; 
Pp, the repetition limit ; 
p, the reversal limit. 
That is to say, ~, is the greatest unit stress that can be wholly removed an unlimited 
number of times, while #, is the greatest unit stress which can alternate from tension to 
compression an unlimited number of times. Both f, and fp, are below the elastic limits for 
wrought-iron, , being about 26,000 pounds per square inch and ~, about 16,000 pounds per 
square inch. The ultimate strength may be put at 50,000 pounds and the elastic limit at 
30,000 pounds per square inch. 

But in practice the maximum load is seldom wholly removed, and often the reversed 
stresses are not equal, so that in general we may say that we have a maximum unit stress 
and a minimum unit stress z This minimum stress may or may not be of the same kind 
(tension or compression) as the maximum stress. For these general cases it is desirable to 
know what the values of # and 2 may be for any material. 

In Fig. 271 the relation of these limiting and working stresses is shown 
graphically. Distance along the line represents stress per square inch, 
measured either way from o as an origin. 


Thus: of = f = initial strength; 
op, = p, = repetition limit ; 
Op, =P, == reversal limit. 


The stress of represents the strength of the material from a single test. 
The point (¢.2) is the primary elastic limit, but it plays no important part 
in this discussion. The stress op, may be put wholly on and off an unlimited 
number of times, and the stress of, may be changed to of,’ an unlimited 
number of times. 

If all the stress is not removed each time, but only a part of it, then 
the maximum stress mm may be greater than f,, so that if a certain portion 
of om, represented by on, be left on permanently, then zz will lie somewhere 
in the field ~,f; and the greater is the ratio of the fixed to the varying 
stress, the more nearly will # approach f. Similarly, if only a part of the 
stress is repeated with the opposite sign, then the greater of the two 
stresses, m, , will lie somewhere in the field 2, f,,and the less, z,, will lie between o and Di, 


joie ES es el ee 

* This and the following article are from a paper by Prof. Johnson, read before the Engineers’ Club of St. Louis, 
November 16, 1887. Fora much fuller discussion of this question see Chap. XXVII of Prof, Johnson’s Materials of 
Construction (John Wiley & Sons, 1897). 
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and the more nearly ~ is numerically equal to m, the more nearly will # approach to /, 
Thus we may say that the maximum stress, 7, will always be f, plus a portion of f,/f when x 
is of the same kind of stress, and minus a portion of f,f, when z is of the opposite kind of 
stress. 

It has been found by experiment that the following is approximately true: The maximum 


stress is equal to the repetition stress p, plus or minus such a part of the adjacent field as the 
minimum stress 1s a part of the maximum stress. Or, 


m=p,+ “(f — p,) for repeated stresses, . . « « « « « (1) 


and 


nu 
m == p,— “ha —,) for veversed stresses. « « « «\s » «+ (2) 


These are the formule to use for determining the breaking stress # when the smaller and 
fixed stress 2 is known and when these stresses succeed each other an unlimited number of 
times. 

This is also shown in Fig. 271. 

Thus when z lies above 0, m is above f, 5 when z lies below 9, m is below @, ; 

<n is at 0, m is at P,; Sit isvat Pu. ==(— P70, 1S. AU Pps 
“ nis at m (static load), m is at f- 

Evidently # — x is always the portion of the stress removed each time, corresponding to 
the movable load on bridges. 

For every variation of stress there is a corresponding distortion, and the product of the 
mean value of the variable stress into the distortion is the work, in foot-pounds, done on the 
material in distorting it. When the stress is partly or wholly removed the member recovers a 
corresponding portion of its distortion, and this is work done by the member against the 
external forces. Now it is this work which wears out or fatigues the material. A given 
material can recover its length an infinite number of times if the work demanded each time 
be not too great, and hence it is capable of doing an infinite amount of work if done in 
sufficiently small amounts. If too much be required at any one time, however, then it wears 
out or becomes fatigued, and finally breaks down, very much the same as an overworked 
muscle. 

Now the amount of work done at any one time has been shown to be the mean stress 
into the distortion. In order to keep this maximum single effort a constant, it is evident that, 
as the mean stress increases, the distortion must diminish. In other words, as the maximum 
load increases, the variation in load (m—n) must decrease. But for m increasing, #— 2 
can decrease only by the more rapid increase in 7; therefore, it is only by increasing the 
static load z that the total load m may be raised above f,. And since a single effort, equal to 
f, will rupture the piece, it is evident that as # approaches / the limits between which we can 
continue to work our specimen indefinitely will become narrower by the approach of z 
towards 7. 

Similarly, as the lower limit passes below the zero point and is therefore changed into a 
stress of the opposite sign, the mean value of the stress diminishes, and hence the distance 
through which the piece can be worked increases, this maximum range being 2f, when z = 9,’ 


and m= py > 
These “new formule” for dimensioning are therefore seen to be very simple in form and 


rational in conception. 
225. Working Formulz.—Formula (1) (named after Prof. Launhardt) may be put in 


the form 
— p, min. stress 


Lees 


: max. stress ;’ 
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and formula (2) (named after Prof, Weyrauch) may be put in the form 


Be ce min. stress 
m= pr es ‘ 


SE max. stress 


Experiments made by Wohler, Spangenberg, Bauschinger, and Baker show that for 


structural iron and steel p, is approximately $f, and 4, is approximately $/=4$f,. 
Therefore we have 


Pees . ee, ( L min. sae (s) 
or stresses of one kt ‘m= I — ~ x 
Pr: max. stress 5 
and 
. : ; I min. stress\* 
For stress of opposite kinds m =,(1 ae ) oe co oat 
2 max. stress. 


Since f, is approximately one half the ultimate strength for wrought-iron and mild steel, 
Eis and is a common factor in the right-hand members 

a of these equations, the factor of safety may be in- 
troduced in Z,, as, for instance, for like stresses, the 
100000 


| 
Fe : formula p = ( ue ld imply a fact 
| ormula ~ = gooo\1 + max, Would imply a factor 


[110000 


Stoo) 


of safety of three for an indefinite number of repeti- 
~—] tions of the maximum load in wrought-iron. 
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226. The Usual Methods of Proportioning Individual Truss Members Subjected 
to Varying Direct Stresses.—lIt is only within recent years that the fatigue of the metal 
due to varying stress has been taken into consideration in proportioning individual truss 
members in which the stress is always of one kind, either tension or compression. It is not 
the universal practice at present. If the stress varied in kind, the practice has been to use a 
lower stress per square inch on such members. 


* Prof. Johnson now proposes the formula 7: = ba to replace both of these formule. See his J/a- 
; —1 min. stress 4 


2 Max. stress 
terials of Construction, p. 545. 
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The more general practice is to proportion compression members without any reference 
to the fatigue of the metal, and in many specifications tension members are treated in the 
same way. The Pennsylvania Railroad Company was probably the first to introduce in its 
specifications formula which were based on the fatigue of the metal from varying stress. For 
varying stresses of the same kind, all compression or all tension, the company’s formula is 


ee (1 oe minimum ae), 

maximum stress 
when 6 = allowed stress per square inch in pounds, and a@ is a constant determined by the 
quality of the material used and the kind of stress, tension or compression, being 7500 for 
double roHed iron in tension, 7000 for plates or shapes in tension, and 6500 for plates or 
shapes in compression, For varying stresses of opposite kinds, 


maximum stress of lesser kind 


b=a(r— 


= 


2.maximum stress of greater kind 


For compression @ is to be still further reduced by Gordon’s formule for long struts. 

Cooper’s specifications allow a unit stress twice as great for dead load as for live load, and 
thus-give practically the same results as those obtained by the Pennsylvania R. R. formule. 
For varying stresses of opposite kinds Cooper specifies that the maximum stress of either 
kind shall be increased by eight tenths of the maximum stress of the lesser kind and the piece 
proportioned by the usual formule for whichever of these combined stresses would require 
the larger area of cross-section. Thus, if a piece is subjected to alternating stresses of 
100,000 pounds tension and 80,000 pounds compression, it must be proportioned for 164,000 
pounds tension or 144,000 pounds compression, whichever requires the larger area of cross- 
section. 

The old method of proportioning a piece subjected to alternating stresses is to increase 
the maximum stress of either kind by eight tenths of the maximum stress of the other kind, 
and to proportion the piece by the usual formule for whichever of these combined stresses 
requires the larger area of cross-section. It is evident that numerical formule in the form of 
(5) and (6) are the most rational that can-be used. 

227. Tension Members may be divided into four kinds, according to their method of 
construction: 

Ist. Eyebars. 

2d. Square or round rods. 

3d. Single shapes. 

4th. Compounded sections. 

ist. Zyebars are used for the main tension members of pin-connected trusses. They 
are now generally made of low steel of an ultimate strength of from 56,000 to 66,000 pounds 
per square inch, the methods of manufacture securing a more satisfactory and reliable product 
from that metal than from iron. Steel eyebars are made by forging or upsetting the eye or 
head of the bar in a die, and subsequently reheating and annealing the finished bars previous 
to boring the pin-holes. The quality of the finished bar depends principally on the annealing 
process. Wrought-iron eyebars are made by piling and welding the head or eye on the body 
of the bar by various methods. Welding is always an unreliable process, and defects due to 
imperfect welds and burnt material are difficult to detect. 

In the following table are given the standard sizes of steel eyebars (i.e., width of bar and 
diameter of eye) manufactured by the Edge Moor Bridge Works and which fairly represent 


the present practice. 


246 MODERN FRAMED STRUCTURES. 


It will be noted that there is a specified limiting minimum thickness of bar. This has 
been found to be advisable on account of the manufacture, and because thin bars will buckle 
in the head when under strain. This minimum thickness increases with the width of the bar 
and the diameter of the eye. The thickness of the bar may be made anything greater than 
this minimum, but a thickness of two inches for bars six inches wide and under is rarely 
exceeded. As it is desirable to use small pins, and therefore small eyes, on account of the 
cost of manufacture and the amount of material needed to make the eyes, a thickness of bar 
will generally be selected that will make these results possible. The thicker the bar the greater 
will be its leverage and stress, and consequently the greater will be the bending moment on 
the pin which would result in requiring a larger pin and a larger eye. 


EDGE MOOR STANDARD STEEL EYEBARS, 


A B E D G A B E D (eS 
i Minimum |Diameter of|Diameter of ; ini i i 
Beh Body Thickness of Head or |Largest Pin-| See Note. Boas oh ere ihe eeee te eas - ee fs See Note. 
Bar. Eye hole. : Bar. Eye. hole. 

3 3 64 24 33 6 $ 133 54 3 

3 A 8 4 33 6 $ 144 6} es 
3 a 9 5 33 6 I 154 74 37 
4 - gt 43 33 7 +3 154 53 4o 
4 z ro} 54 33 7 Te 17 7% 40 
4 z 114 64 33 8 I 17 52 40 
5 & 114 4% 37 8 I 18 63 40 
5 Z 124 58 - 37 8 I 19 8 37 
5 I 13 63 37 9 14 19} 7 39 
5 i 14 1% 37 9 1g 214 9 39 


Norte.—In column C are given the percentages of excess of area of the eye on line SS over the area of the body of 
the bar when the largest pin-hole is in the eye. 


It is always better to use an eye the diameter of which is about two and one quarter 
times the width of the bar. In extreme cases the diameter of the eye may be made two and 
one half times the width of the bar, but it is never desirable to exceed this, as the cost and 
difficulty of manufacture increase rapidly if larger eyes are used. 

The amount of material required to make an eye, or the extra length of bar required 


beyond the centre of the pin, is approximately Z = when Z = length of bar required 
4 


beyond the centre of the pin and & and A as given in the table. 
Eyebars are now made as large as 12 X 3 inches with eyes 27 to 30 inches in diameter. 


The tests of full-sized eyebars do not, as a rule, give as high results in ultimate strength as the small 
specimen tests of the material. The small specimen test pieces have usually an area of one half of one 
square inch. This difference in the results of the tests has caused a great amount of friction between 
manufacturer and customer. Recent study of the subject shows that a difference in the ultimate strength of 
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the small test piece and the full size bar is to be expected. Mr. F. H. Lewis, M.A.S.C.E.*, after an ex- 


haustive study of this problem, finds that the losses in ultimate strength of full sized eyebars are due to three 
distinct causes, viz.: 


1. The small specimens are so cut from the original bar as to give results which are in excess of the 
average Value of the bar. 


2. There is a legitimate loss in ultimate strength due to the annealing of the finished eyebar. 

3. The steel is not perfectly homogeneous and the chances of a “soft” or weak place are greater ina 
large bar than they are in the small test piece. 

As the result of his study of this subject, Mr. Lewis recommends 60,000 pounds per square inch as the 
minimum ultimate strength of the specimen test and 56,000 pounds per square inch as the minimum 


ultimate strength for full-sized steel eyebars; the maximum ultimate strength to be 70,000 pounds per 
square inch in both cases. 


2d. Sguare or Round Rods are used for all members requiring sleeve-nuts or turn-buckles. 
They are the most commonly employed for counter-ties, lateral and sway rods, and for the 
rods of Howe trusses. They are generally made of wrought-iron when adjustable, as the 
prevailing belief is that steel is weakened very much by the sharp unfilleted corners of the 
screw-threads. Steel bars with upset screw ends are, however, being made with success, and 
all rational objection to them is disappearing. 

The various ways in which rods are used are shown in the figures on pages 248 and 240. 
Fig. 273 shows the forged or solid eye, Fig. 274 shows the ordinary loop eye, Fig. 275 shows the 
rod with two screw ends with either the ordinary nut or the clevis at the ends, and Fig. 276 
shows the sleeve-nut or turn-buckle detail which would be used for lengthening or shortening 
a rod with solid or loop eyes. Tables giving the standard dimensions of these various details 
are also given. 


EDGE MOOR STANDARD UPSET SCREW ENDS. 


Dimensions in Inches. 


SQUARES, ROUNDS, 
ace aces 
0 : MLM) 
SHU mi) 

A B € D G H A B (E D G H 
Side of |Diameter | Area of |Areaat Root|Length of} Threads || Diameter] Diameter Aremee Bar,|Area at Root|Length of| Threads 
Square. | of Screw. Bar. of Thread. | Screw. | per Inch.|| of Bar. | of Screw. of Thread. | Screw. | per Inch. 

£ 1g .56 694 32 7 Z 307 .420 34 9 
$ It 76 .8g1 3% 7 4 I 442 550 34 

I 14 1.00 1.295 4 6 z 14 .601 .694 33 7 

Ig 12 1.27 1.496 44 54 I 1} .785 891 3 7 

Le 1} 1.56 2.051 44 5 It 1g 994 1.057 4 6 

18 2 1.89 2.302 4t 44 1} 14 e227 1.295 4 6 

1} 2t 2.25 3.023 42 4t 1g IZ 1.484 1.744 + 5 

1% 28 2.64 3.298 5 4 14 1g 1.767 2054 44 5 

1% 24 3.06 3.719 5 4 12 oF 2.073 2.302 43 4 

1 23. 8.53 4.622 54 4 14 at 2 405 2.651 48 4 

2) at 4.00 4.924 54 34 If 2+ 2.761 3.023 42 44 

2% 3 4.52 5.428 54 33 2 28 3.141 3.298 5 4 

24 34 5.06 6.510 54 34 24 24 3.546 3.719 5 4 

2g 34 5.64 7-548 6 34 2 2g 3.976 4.159 5 4 

24 32 6.25 8.641 64 3 2g 2% 4.430 4.622 5+ 4 

28 4 6.89 9.998 64 B us 3 ee ree S a 

cs +939 E 
3 3 7.068 7-548 6 3t 
3 3% 8.295 8.641 64 3 
3 4 9.621 9-993 64 a 


Norr.—Area at root of thread in all cases greater than area of bar. 
* See Trans, Am. Soc, C, E., 1892. 
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Square Rops. Rounp Rops. 
i i , Diameter of ; Diameter of Diameter of 
Size of Rod. |Diameter of Eye. Largest Pinhole Size of Rod. Largest Bye. |Largest Pin hole | 
$ sq. 34 2} $ diam. 2h 14 
I to 13, 44 24 I to It 4+ 24 
1t to 14% 44 2h Id to 1% 5 2 
1g to 175 5 2g 14 to 18 54 3 
IZ to 1g 54 34 1} to 1g 6 34 
1t¢ to 148 6 3+ 2 to 2 64 34 
2 to 2d 64 34 24 to 28 74 4 
24 to 23 74 4 24 to 2% 8 4 
24 to 2% 8 4 ; 
<b 
ee ! 
A 
2D—» 


Side View of Single Loop, 


= Side View.of Eorked Loop == 


Fic. 274. 


Upset Screw-end Rod with Square or Hexagonal Nuts. 


Screw-end Rod with Clevises,- 


Fic. 275. 
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EDGE MOOR STANDARD CLEVISES. 


B E L 


i 


12 


Diameter of Screw Ends. Deectes of | Length of Diameter of 
r 


g I 4 54 
15 It 4 5t 
13 It 4 5 
1 1% 4 5¢ 
I} 2 4g 7 
23 2t 5k 7 
23 24 68 7 
28 23 6% 83 


The dimensions marked can be varied. 


in. 


I$ to 24 


Length of 
Thread. 


Width of |Thickness of} Width in : 
Bar, Bar. Fork. ogee 


2 4 oy 54 
2 4 18 63 
2 4 1g 74 
2 and £ I} 9 
2 3 23 13% 
24 £ 2 20} 
2t $ 28 254 
3 I 25 


Threads may be right or left. Dimensions in inches; weights in pounds. 


EDGE MOOR STANDARD SLEEVE-NUTS. 


MXM 
| iit 


i 


SSR 


eT be -T> 
B ib, ae Ww 
Diameter of Screw. [Leggthot.Nut | Length of) Diaweterof | TeX. 
Z oh ( 6 rd 13 Tee 
It tt 64 1g 2 3 
13 14 7 1g 28 43 
1 14 s| 7 2h, 24 o 
14 2 | 8 225 38 Qt 
2k 24 S 8} 24 34 124 
28 24 a+ 9 23 3g 163 
28 2 =| of 24% 4g 214 
25 3 = | 10 3¢6 48 263 
3t S| 2e; 38 5 32 
34 II 38 58 384 
3 t 114 3t8 54 45 
4 12 4¢s 64 534 
Iz eo (12 24 2 
i} it S| 8} 1% 2 4 
1¥ 14 & 9 Ig 2% 6 
1g 1% BS 94 275 2$ 83 
1% 2 § | 10 2+°5 3 124 


These nuts are forged with fibres in direction of stress and are of uniform section. The diameter of hexagonal 
part of any nut is that of the U. S. standard nut fitting screw of the larger diameter, given in the column B of table, 


Dimensions in inches; weight in pounds, 
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For the loop eye, Fig. 274, the diameter of the pin is not limited. The manufacture of 
the loop makes a weld necessary at the point A. As satisfactory welds cannot be generally 
secured with steel, loop-ended rods are usually made of wrought-iron. 

If it were necessary to provide for adjustment in the length of rods with solid or loop 
eyes, as would be the case for counter-ties, lateral and sway rods, sleeve-nuts or turn-buckles 
would be used. 


It will be noticed that the rods shown in Fig. 275 may be adjusted without using sleeve- | 


nuts. 

The tables given are the standards in use by the Edge Moor Bridge Works. Those used 
by other companies vary somewhat in appearance and in some of the details, but those given 
fairly represent the important features of all. Some companies use a larger diameter of upset 
for agiven rod than that given in the table. The sleeve-nut or right and left nut shown is 


often discarded for the open turn-buckle shown in Fig. 
Ti i 277. The advantage of the open turn-buckle is that 
Go the ends of the rod are visible, and it may easily be 


Fic. 277. inspected and the positions of the rods noted. An 
objection to them is that they may be adjusted by running a bar through the link, and are 
thus liable to be tampered with by incompetent persons. An improvement which seems to 
be inevitable in the manufacture of the screw ends is the use of smaller threads. 

3d. Szugle Shapes.—The difficulty met with in the use of single shapes for tension 
members is to provide proper attachments or connections at the ends. It is assumed that 
connecting rivets will be so spaced as to develop the required net area of the shape and at 
the same time produce no eccentricity of stress in the piece if possible. The shapes of 
iron or steel generally used for these members are plates and angles. For a plate the con- 
nection is generally a single lap joint, which, while it produces a small eccentricity of stress, 
usually developes the strength assumed. For maximum economy of metal, or maximum 
efficiency for the amount of metal used, the net area must be as great as practicable. The 
arrangement of rivets shown in Fig. 278 (@) secures this result and is preferable to that shown 


(2) 


Fie. 278. 


in Fig. 278 (6), as the rivets are symmetrically placed with respect .o the axis of the piece, and 
the cross-section of the plate is reduced by the cross-section of only one rivet-hole. 

For an angle iron, and also for any unsymmetrical shape iron, the great difficulty is.to 
place the rivets so that they will be symmetrical about the neutral 
©} axis of the piece. Angle irons should always be attached by rivets 
through both legs to develop the greatest strength. Cooper speci- 
fies that unless this is done only one leg of the angle can be counted 
as available area. This detail is usually made as shown in Fig. 279. 

Bracing with riveted attachments is much stiffer than rods 
or bars connecting on pins. The rivets allow no motion which 
may occur with pin connections; and besides, the elongation of the 
piece itself is not so much, as it is proportioned for the med area, 
while the stretch must result from the elongation of the £7OSs area. 
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4th. Compound Sections, or those composed of two or more simple shapes riveted 
together, are used for those cases where a stiff 
tension member is wanted. If the end attach- 
ments are riveted, care must be exercised to so 
arrange the rivets that the stress is not applied aE EG 
eccentrically, and also that the largest net area 
possible is obtained. If the end attachment is 
by means of a pin, the ends of the member 
should be designed as follows. Fig. 280 shows 
a compound section tension member. There 
are four conditions which must be fulfilled, viz.: 

Ist. The net area of the piece, after deducting the section cut out by the rivet-holes 
should be the greatest possible. This would be the net section on the line AB in Fig. 280. 

2d. The net area on the line CD must exceed the net area of the piece by twenty-five 
per cent... 

3d. The net area on a line EF between the end of the piece and the edge of the pin-hole 
must be equal to three fourths of the net area of the piece. 

4th. The bearing pressure of the pin must not be excessive. 

In the fulfilment of any of the above conditions, care must be taken to so distribute the 
rivets that the required value of each component piece is developed. Thus, for the net area 
on line CD the net area of the top angle iron is manifestly the gross area reduced by one 
rivet-hole, and the value of the angle iron may be determined either by this net area or by 
the shearing value of the number of rivets ess one which attach the angle iron to the pin 
plates between the line CD and the end of the piece. Owing to the fact that steel is not 
fibrous and is approximately equal in strength in all directions, the better practice is to use 
steel for the end pin plates in compound tension members. Wrought-iron has a strength 
perpendicular to its fibre of about two thirds the strength parallel to the fibre. 

228. Compression Members.—In Fig. 281 are given some of the more common forms 
of compression members for framed structures. The factors which usually determine the 
form of a compression member are cheapness of manufacture and the cost of the com- 
ponent shapes of material, the efficiency of the form as a strut and its suitability as regards 
dependent details. In Fig. 281 sections A, B, C, D, and & are commonly used for top chords, 
FG, HI, J, K, and L for intermediate posts, and J/, WV, and O for lateral or sway struts. In 
all members, whether they are to resist tension or compression, a symmetrical section is to be 
preferred, as all question of the eccentric application of the stress is done away with. It has 
become the accepted practice, however, to use the unsymmetrical sections above noted for top 
chord sections. These sections are stiffer laterally than the symmetrical post sections 
F, G, H, etc., and it is due to this fact that they are preferred for chords and end posts, which 
are relied upon to transfer wind stress in bending. 

229. The Selection of the Economical Form for a Compression Member.—The 
shapes of iron commonly used vary in price, so that the designer should always keep well 
informed as to the market. The engineering journals give very good market reports from 
which the above*information may be obtained. The cost of the manufacture of the finished 
piece is almost entirely dependent upon the quantity of rivets to be used and the facility with 
which they can be driven. It will be noted in this connection that Z (Fig. 281) requires 
fourteen lines of rivets ; A, C, D, #, and G require eight lines ; B, H, TI, J, and K require four 
lines; and that Mand JW require only two lines. As it is always preferable and cheaper to 
have the rivets machine-driven, they should be so placed that they may be driven with the 
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* This is not the universal practice, but is a safe rule. Some engineers make the excess of the area fifty per cent. 
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usual riveting machine. Four lines of rivets in each of the sections G and J, or those whick 
attach the lattice bars, are inside of the assembled piece and are seldom in reach of a machine, 
and are therefore usually hand-driven and expensive. 

There are no general rules to guide the designer in the selection of the proper form other 


a 


Li oT 


—_———---_- Ss 


; HK : 
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than those gained by experience. The best guide, when the necessary experience is lacking, 
is to select that form which will allow the simplest and neatest correct detail for its con- 
nections. 

230. The Economical Form of a Compression Member to select to resist a given 
stress is dependent on the factors enumerated in the preceding article, particularly on the value 
of the form in resisting stress. The accepted formulz for determining the necessary area for 
a piece of given external dimensions introduce the least radius of gyration as the only variable 
when the length of the piece and its end connections, whether flat-ended, one flat and one pin 
end, or two pin ends, are constant. The greater the least radius of gyration the less will be 
the required area to resist the stress. This requires that such a form be selected as will give 
the largest least radius of gyration. The various forms shown in Fig. 281 differ in respect to 
their least radius of gyration even when the width of the section is the same. Thus, it has 
been found that practically the least radius for A, B,C, D, and & is four tenths of the width, 
for F, G, H, and Jit is three eighths of the width, for Z it is five sixteenths of the width, and 
for MZ it is one quarter of the width. The forms A, B, C, D,and E require the least area and 
are further economical in material, as they require but one side to be latticed and hence have 
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less “ non-effective” material than most of the others. The form Z has no latticing, and may 
often be found to require less material on this account. 

231. The Limiting Dimensions of Compression Members.—The natural result of 
determining the dimensions of a compression member by the usual formula would be to select 
a form giving the largest radius of gyration and which would also be one of large width. If 
this were carried to extremes, it would result in large members of very thin metal; and there is 
manifestly a point at which the iron would be too thin to be of any value as a strut. The 
practice is to limit the thickness of material and the dimensions of the piece, as shown in 
Fig. 282. 


Fic. 282. 


The thickness of the top plate should not be less than one fortieth of the distance 
between the rivets connecting it to the angles; the thickness of the side plates should not be 
less than one thirtieth of the distance between the rivets connecting it to the angles, and the 
angles should not be thinner than three quarters of the thickness of the thickest plate riveted 
to them. The clear width between the side plates should not be less than three fourths the 
width of the side plate for the post section, and not less than seven eighths of the width for 
the chord section (Fig. 282), in order that the radius of gyration about the axis d/ may be 
equal to or less than that about an axis CD perpendicular to AB. 

The unsupported length of a compression member should not be greater than fifty times 
the least width of the member or one hundred and fifty times the least radius of gyration. 
This is necessary in order to secure stiffness, which is as desirable as strength. 

It will be noticed that the side plates in Fig, 282 must have a thickness of at least one 
thirtieth of the distance between the rivets attaching them to the angles, while the top plate 
is limited to one fortieth of the distance between rivets. This would only be true of pieces 
which are pin-ended and when the pins are parallel to the axis AB. When the piece is 
square-ended and receives its stress through a butt joint, the thickness of all plates should 
be at least one thirtieth of the distance between rivets. The top plate of pin-ended members 
is allowed to be thinner than this, in order to allow more metal to be concentrated in the web 
plates, which receive their stress directly from the pins, and to secure a section as symmetrical 
as practicable. It is conceded that the advantages thus obtained are more than the disadvan- 
tage due to the use of a thinner top plate. . eae 

232. End Details of Compression Members.—In Chapter XXI are given the principles 
which should govern the designer in proportioning the pin plates and in deciding upon the 
location and number of rivets to use for a pin-ended piece. The student is referred to that 
chapter, as the principles can be more readily understood when illustrated by a practical 
example. 

If the member is square-ended no increase of the area is necessary, as all that is required 
is that the piece be held firmly in position, in order to obtain an even bearing over the entire 
area of the cross-section. 
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In all end connections, whether pin or square, arrange the rivets so that their maximum 
efficiency may be realized and stagger them or space them on zigzag lines, in order to avoid as 
much as possible the danger of local failure at the ends due to the weakening of the plates by 
the rivet-holes. In some recent experiments on full-sized compression members, the pieces 
failed by splitting the plates at the ends where they were weakened by rivet-holes before two 
thirds of the estimated value of the piece was developed. 

Compression members theoretically do not require any metal beyond the centre of the 
pins at their ends, but it is always better to provide metal enough beyond the pin to resist 
displacement of the piece by an external force. For the posts of trusses and like members it 
is customary to run the section of the post at least two inches beyond the pin. 

233. Tie Plates on Compression Members.—There are many methods of determin- 
ing the size of tie or batten plates in use, but none give rational results, and the error in all 
cases is no doubt very much on the side of safety. As to their thickness there is little dis- 
agreement, as all concede that they should be able to withstand either compression or ten- 
sion. In order that they may be able to resist a compression stress the thickness must be at 
least one fiftieth of the distance between the rivet lines in the segments which they connect, 
or else the plates may be made of a minimum allowable thickness and stiffened with angle 
irons. These two cases are illustrated in Figs. 283 and 284. As to the length of the tie 


Length: 
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plate and the number of rivets necessary in the connection with each segment, there is a great 
diversity of opinion. Some specifications require that their length shall be one and one half 
times the depth of the piece, while others require the tie plates to be square, and in either of 
these cases the number of rivets used would be determined by the number which could be put 
in using the minimum pitch, usually three inches. Another specification which attempts to 
be rational requires that the tie plates shall be long enough to take sufficient rivets to transfer 
one quarter of the total stress on the member from one segment to the other. The duty 
required of the tie plate is to hold the two segments in line and to take up any bending 
moment which an eccentric application of the stress or an external force may produce in the 
segments. In all compression members composed of two channels, either solid rolled chan- 
nels or compounded of plates and angles, with the pin bearing on the webs of the channels, 
there is a bending moment produced in each segment due to the fact that the neutral axis of 
the channel is not coincident with the centre of the web of the channel. The centre of the 
application of the stress is necessarily at the centre of the web. This bending moment 
should be resisted by the tie plate, and the rivets connecting the tie plate to the segment 
should also be able to transfer it from the segment to the tie plate. The amount of this 
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bending moment can always be accurately determined. Should the member be acted upon 
by an external force perpendicular to the webs of the channels, and if the tie plate is placed 
some distance from the end of the member, as is usually the case, a bending moment is pro- 
duced in the segments, which the tie plate and its connecting rivets should be able to resist. 
The closer the tie plate is to the end of the member the less the bending moment from the 
latter cause becomes, hence the desirability of locating the tie plate as near the end of the 
piece as practicable. If the tie plates were proportioned for the bending moment produced 
by the eccentric application of the stress at the ends and in addition thereto for any probable 
external force, such as the pressure of the wind, the result would be more rational and satis- 
factory than any of the rules now in use. In order to hold the segments in line, all that is 
necessary is that the tie plates be stiffer against bending than the segments which they 
connect. 

234. The Latticing of Compression Members.—There are no rules other than empir- 
ical ones in use by which the size and spacing of lattice bars for compression members are 
determined. The duty of the latticing is to hold the segments composing the members 
together so that they may act as one piece, to resist any local tendency to get out of line or 
to buckle and to transfer any transverse shearing force to the ends of the member. It is very 
probable that the first of these conditions is fulfilled when the latticing is continuous from 
end to end and the individual bars have a thickness of at least one fiftieth of their length, so 
that they may be able to resist compression or tension. The second condition is fulfilled 
when the distance between the rivets attaching the lattice bars to one segment is less than 
sixteen times the width of the segment in the plane of the latticing, as experiments on pieces 
in compression show that a column whose unsupported length is less than sixteen times its 
least width will fail by crushing instead of buckling. The third condition could easily be pro- 
vided for if the shearing forces were known. Any probable external forces should be pro- 
vided for, but in addition to them there are stresses in the bars due to the bending of the 
strut from the direct stress which can only be estimated. It has been suggested that, as our 
compression formule all assume a certain extreme fibre stress due to the flexure of the strut, 
from this known extreme fibre stress we find an equivalent uniform load acting in the 
plane of the latticing which will produce this fibre stress, and from this load find the stress in 
the lattice bars. 


As an illustration of the above, assume the common straight-line formula for struts, go000 — 40 AY where 
Z=length of strut in inches and v = radius of gyration of the strut about an axis perpendicular to the 
tes: : : : 
plane of the latticing. The term 40 — is the extreme fibre stress from the bending moment induced in the 
ent 7; 


strut by the direct stress. Then the uniform transverse load, W, which would produce this fibre stress in 


the strut would be 
BPXO) Se 


W= ee 
where A —area of the strut and 4 x r = distance of the extreme fibre from the neutral axis. If the lattice 
bars were inclined at an angle of 45° with the axis of the piece, the maximum stress on the lattice bars 


would be 


The width of lattice bars with one rivet at each end should be about three times the 
diameter of the rivet used. 

When the lattice bars are long, a saving in material may be made by using small angle 
‘rons instead of flat bars, as they are more effective in resisting compression and hence require 
less area of cross-section. 

The common rules for latticing are given in Art. 271. 
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235. Common Formule for Compression Members.—The formule in common use 
for determining the proper area of cross-section for a strut to resist a given compressive stress 
may be divided into two kinds, viz.: Ist, those that plot in a curve; and 2d, those that plot in 
a straight line. Within the limits of practical use they will give practically the same results, 
and as the straight-line formule are easier and quicker in application they are generally 


preferred. 
tag 8000 
Rankine’s Formula, . . 9.9: .«§ p= a 
1T oF 

@ = 18,000 when the strut has two pin ends; 
2 = 24,000 “S “<> <= onespintand oneilatvend ; 
2. 30,000 pe Re ae SE On abse mds) 
A f Z 

Common Straight-line Formula, p = 9000 — b-. 
6= 40 when the strut has two pin ends; 
(mae (eee eG one pit and one tiatvend + 
G= 30 SEES EE ECW OMI AC EIN SE 


The Pennsylvania Lines West of Pittsburgh straight-line formule: 


y 
Top. Chord Sections; |p = 8400 — 847° 


Z 
Common Post Sections, = 8400 — 837. 


In all of the foregoing formule, = permissible stress per square inch, 7 = length of the 
member in inches, 7 = least radius of gyration of the member in inches, and % = least width 
of the member in inches. The formule used by the Pennsylvania lines are only to be applied 
to the chord and post sections given in Fig. 282, the general form of their equation being 
~ = 8400 — Be when c is dependent upon the form of the member. These formule also do 
not take into account the differing end conditions of the member; it being assumed, no doubt, 
by the engineers of this road that all members of a truss really act as pin-ended members, and 
that any error in this assumption would be on the safe side. 

The constants 8000, 9000, and 8400 in the foregoing formule are used to determine the 
permissible working stresses for railway bridges and are for wrought-iron. It is customary 
to increase p 25 per cent for highway bridges. If the material is steel, would ordinarily 
be increased 20 per cent for railway bridges and 50 per cent for highway bridges. 

The parabolic formule of Prof. Johnson given in (28) p. 153 are the most rational yet 
advanced, and are to be recommended for use as they are very easy of application and are 
the nearest approximations to the truth of all the formule we have. 
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236. Riveting.—The diameters of the rivets used in structural iron-work are 4”, 8”, 2”, 
%’,and 1’. Rivets #’’ and {’ in diameter are most generally used, smaller sizes being used 
only in unimportant details, or where the clearances in the piece riveted prohibit the use of a 
larger rivet. Rivets larger than §” diameter are only used in pieces where the metal is very 
thick or where the stresses absolutely require larger rivets. Field rivets, or those to be driven 
in the structure after it is in place by hand, should never be larger than %” diameter, and 
preferably ?’”’ diameter, owing to the difficulty of driving tight rivets of the larger size by 
hand. 

Rivets are usually made of the same material as the pieces in which they are driven. If 
steel rivets are used, they are made of a very soft steel. Field rivets are generally of wrought- 
iron in all cases, as the difficulty of driving good steel rivets prohibits their use. The range of 
temperature at which steel can be effectively worked is very small, and as in field riveting 
considerable time is lost in passing the rivet from the forge to the riveters, a rivet has time to 
cool to a point below which it is not advisable to do any work upon it such as would be 
necessary in driving it. 

237. Size of Rivet-heads.—The sizes of the heads of rivets vary slightly. The ordinary 
sizes are shown in Fig. 285. 


Fic. 285. 


The usual weight of a pair of rivet-heads (information usually needed when calculating 
the finished weight of riveted work) may be obtained from the following table: 


Length of Rivet re- 
quired to make one 
Head. 


Size of Rivet in | Weight of One Pair 
Inches. of Heads in Pounds. 


O.11 

0.22 f 
0.27 14" 
0.44 ed 
0.7 1}” 


The length of the material required to form one head is also given in the foregoing table. 
Rivets are furnished with one head formed, the other head being made when the rivet is 
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driven. In ordering rivets first find the grip or distance between the heads ot tne rivet. The 
grip of the rivet is the thickness of the plates or parts through which the rivet is to be driven 
plus 34, of an inch for each joint between the plates to allow for uneven surfaces which prevent 
closer contact. This grip must be increased in the ratio of the area of the hole to area of 
the rivet material, the hole usually being +, of an inch larger in diameter than the rivet. To 
this add the length required to form one head, and the length of the rivet under the head is 
obtained. Thus, assuming a #inch rivet joining three half-inch plates, the grip would be 
3xX3¢+7 = 1,%5- Increasing this in the ratio of 44 to 52 we obtain 13, nearly. Adding 1% 
inches for the head, we get 2§ inches as the length to order. Rivets are ordered in even 
eighths of an inch. 

For a countersunk head add one half the diameter of the rivet for the head. 

Besides the full-button head and the countersunk head, in extreme cases rivets with 
flattened heads may be used. These heads are made by flattening the button heads, and 
should never be used when the height is less than 38, of an inch. 

In calculating clearances it is always better to provide for a head one eighth of an inch 
higher than the standard head used to allow for discrepancies in the length of material used 
and in the upsetting of the rivet. This rule should apply to countersunk heads as well as to 
the other kinds, as the rivet often does not upset sufficiently to bring the head flush with the 
plates. Chipping countersunk heads in order to make them flush with the plate is to be 
avoided when possible as it will often loosen the rivets, and is expensive if done well. 

Countersunk rivets should never be used in plates of less thickness than one half the 
diameter of the rivet. Also, as a matter of economy in manufacture, they should not be used 
in long pieces, as the extra handling of such pieces which would be necessary in order to 
countersink a few rivets would make them expensive. 

238. Determination of the Size of Rivet to Use.—The diameter of the rivet should not 
be less than the thickness of the thickest plate through which the rivet passes, owing to the 
difficulty of punching holes the diameters of which are less than the thickness of the plate. 
While this is not an impossibility, it is expensive owing to the risk of tool breakage. The size 
of the rivets is often determined by the clearances or space in which the rivet must be driven. 
Shapes with small flanges will require small rivets, as the practical limits of the distance of the 
centre of the rivet from the edge of the piece, and of the clearance necessary for the tool 
in driving the rivet, then determine what is the largest size it is possible to use (see Art. 239). 
It is customary and cheaper to use one size of rivet throughout one entire piece, as a change 
of dies is avoided and the punching and riveting done quicker. 

When none of the foregoing conditions fix the size of the rivets, it is good practice to use 
that size of rivet which will amply resist all stresses and be most economical in manufacture. 
Smaller rivets reduce slightly the cost of punching and driving and weigh less, thus effecting 
a saving both in the cost of manufacture and of the material. 

239. Practical Rules governing the Spacing of Rivets.—The minimum distance 
from centre to centre of rivets should not be less than three diameters of the rivet. Closer 
spacing than this is liable to split or otherwise injure the material. The maximum distance 
from centre to centre of rivets in a compression member, where it is essential that the parts 
riveted act as one whole, should not be greater than sixteen times the thickness of the thin- 
nest outside plate riveted. In general, a maximum pitch of 6 inches should not be exceeded 
if it is advisable to have the parts drawn sufficiently close to prevent the entrance of water. 

In punching the rivet-holes it has been found that they must be located a certain distance 
from the edge or end of a piece, in order to avoid all danger of splitting the material. In 
wrought-iron the danger of splitting is less when the weak section is perpendicular to the 
fibre of the material than when it is parallel to the fibre, because of the greater strength of 
the material in the direction of the fibre. Hence a hole may be punched in wrought-iron 
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closer to the edge than to the end. Some empirical rules for these distances are given in 
Fig. 286. 


le—. -B- ma 


t=thickness of plate in inches. 


Minimum A= +¥t+ Xd 
Minimum B= %4+t+%d ' 
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It will be noted that the minimum distances A and B depend upon the thickness of the 
plate and the diameter of the rivet, but that the distance from the edge of the hole to the end 
or side of the plate depends on the thickness of the plate alone. It is well to exceed these 
minimum distances whenever practicable, a common rule being to make the end distance 
twice the diameter of the rivets and the side distance one quarter of an inch less. It must be 
remembered that the diameter of the hole is always one sixteenth of an inch larger than the 
nominal diameter of the rivet to allow the latter to be entered while hot. When the rivet is 
driven it is upset, and then completely fills the hole. 

In power-riveting, and also in the best hand-riveting, a certain amount of room is neces- 
sary for the tools holding or forming the heads. The ordinary requirements in riveting are 
shown in Fig. 287. 

By referring to Fig. 287, it will be seen that provision must be made for clearing a tool 


Minimum Be % ted 
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whose diameter is three quarters of an inch greater than the diameter of the rivet-head. 

240. Length or Grip of Rivets.—It has been found that there is a practical limit to the 
length or grip a rivet may have, which if exceeded renders it almost impossible to drive tight 
rivets. Those who have investigated this subject now specify that the maximum grip of a 
rivet shall never exceed four times the diameter of the rivet. This is a very essential factor in 
good riveting, and should never be overlooked. Examples of bad designing in this respect 
are very common, particularly so in plate-girder flanges, where a series of thick flange plates 
are riveted to the flange angles. Often the bearing plates on the ends of a compression 
member are so thick as to render the rivets which are supposed to attach them firmly to the 
main section probably useless. There is always a remedy for such cases, and it should be 
applied. 
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241. Strength of Rivets.—Rivets may fail by shearing off, by being crushed, or in 
extreme cases of bad designing by flexure. They may also fail by direct tension, either by the 
head breaking off or, rarely, by failure of the body of the rivet. The value of a rivet in direct 
tension is so unreliable that its use to resist such a stress is generally prohibited. 

The shearing stress per square inch usually allowed on wrought-iron rivets is three 
quarters of the allowed tensile stress per square inch on plate or shape iron. The following 
table gives the shearing value of the common sizes of rivets for stresses of 6000, 7500, and 
gooo Ibs. per square inch, which are the most common values in use: 


TABLE OF SHEARING VALUE OF RIVETS. 


Diameter of Rivet in Inches. Value in Single Shear at 


Area of Rivet in 
Square Inches. 


Braction: Desimal,; 6000 eae Square | 7500 asec Square | gooo a Square, 
4 0.500 0.1963 1178 1472 1766 
$ 0.625 0.3068 1841 2301 2761 
oe 0.750 0.4418 2651 3313 3975 
$ 0.875 0.6013 3608 4510 5412 
I 1.000 0.7854 4712 5890 7068 


6000 Ibs. per square inch is usually allowed on railroad work, and 7500 Ibs. per square 
inch for roadway bridges when the material is wrought-iron; 7500 and gooo are the usual 
corresponding values used for steel. 

When the rivets are to be driven by hand during erection (i.e., field rivets) it is customary 
to increase the number of rivets by 25 to 50 per cent to allow for faulty riveting. The diam- 
eter of the rivet is taken to be that of the rivet before it is driven. The real diameter of the 
rivet in place, if it completely fills the hole and if the holes in the pieces match exactly, is one 
sixteenth of an inch larger than the nominal diameter. 

The crushing or bearing value of rivets is usually estimated at so many pounds per square 
inch on the bearing area of the rivet on the metal through which it passes. This bearing 
area is assumed to be the diameter of the rivet by the thickness of the piece. It is also 
customary to take the diameter of the rivet in computing the bearing area as that of the rivet 
before it is driven. 

The bearing or crushing values of rivets for the various thicknesses of plates and the usual 


allowed stresses of 12,000, 15,000, and 18,000 lbs. per square inch are given in the following 
tables: 


TABLES OF BEARING VALUES OF RIVETS. 
For 12,000 Ibs. per square inch. 


Diameter Thickness of Plate in Inches. 
of Rivet 
in 
Inches, 4 te g <5 4 is $ it i if $ 
in 
g 1500 1875 2250 2625 3000 3375 3750 4125 4500 4875 5250 
£ 1875 2340 2810 3280 2750 4220 4690 5150 5625 6100 6560 
2 2250 2810 3376 3940 4500 5060 5625 6190 6750 7310 7875 
$ 2625 3280 3940 4590 5250 5900 6560 7220 7875 8530 gIgo 
I 3000 3750 4500 5250 6000 6750 7500 8250 gooo 9750 10500 
= | 
For 15,000 lbs. per square inch. 
in 
2 1875 2340 2810 3280 3750 4220 4690 5160 5620 6090 6560 
3 2340 2920 3510 4100 4690 5270 5860 6450 7020 7610 8200 
% 2810 3510 4220 4920 5625 6320 7030 7740 8420 9130 9840 
a 3280 4100 4920 5740 6560 7370 8200 g020 9840 10600 11490 
I 3750 4690 5625 6560 7500 8440 9380 10030 11250 I2190 13120 
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For 18,000 lbs. per square inch. 


one Thickness of Plates in Inches. 
Tach | 
es, 
aes t te $ 1s 3 16 $ is § 18 $ 
in, 
+ Z0 at 3375 3940 4500 5060 5625 6190 6750 7310 7875 
8 35 4 4920 5025 6320 7030 | - 7740 8440 g140 9840 
2 3375 4220 5060 5910 6750 7590 8440 9290 IOI20 10960 I181L0 
$ 3940 4920 5910 6990 7875 8850 9840 10830 I1810 12800 13780 
I 4500 5625 6750 7875 goo0o 10120 11250 12375 13500 14525 15750 


A bearing pressure of 12,000 lbs. per square inch is usually allowed on railroad work, and 
15,000 Ibs. for highway bridges where the metal is wrought-iron. These values would be 
increased to 15,000 and 18,000, respectively, if the material were steel. 

As in the case of rivets in shear, the number of rivets required by the above tables would 
be increased by from 25 to 50 per cent if the rivets were to be “ field” rivets. 

Rivets will fail by flexure only in those cases of bad designing where the rivets are long, 
and it is impossible to drive them tight enough to have them upset and completely fill the 
holes, or possibly in those cases where an excessive thickness of pin plates is used at the ends 
of a compression member and the rivets are relied upon to transfer the bearing stress to the 
main section in a very short distance. The latter case will be understood from Fig. 288. 


aa ust jaa \ 
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If the number of rivets in Fig. 288 were determined for single shear, and were % in. in diameter and the 
plates 4 in. thick, the bearing pressure which would be equivalent to this number of rivets. allowing 6000 Ibs. 
per square inch shearing stress, would be 57,600 lbs. The bending moment produced by this force applied 
at the centre of the bearing plates would be 57,600 x 14 = 72,000 in.-lbs. (assuming the web of the channel 
to be din. thick). This moment is either resisted by flexure of the rivets or by direct tension on the rivets 
near the pin. No matter which way failure would occur, it can readily be seen that stresses are produced 
which ordinarily are not provided for, and which may prove to be important, Such details could be im- 
proved by lengthening the pin plates and increasing the number of rivets, as it would surely result in 
lessening the stress on the rivets from flexure and also lessen any direct tensile stress. Rivets are never 
proportioned for flexure. 


242. Kinds of Riveted Joints.—Riveted joints may be designated as of two kinds: 
Lap joints, as shown in Fig. 289, and Butt joints, shown in Fig. 290. 

Either of these kinds of joints may be single-riveted (i.e., one line of rivets), double- 
riveted (ie., two lines of rivets), or chain-riveted (i.e., more than two lines of rivets). 
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The butt joint is the one generally used, and is the more effective joint, owing to its sym- 
metry and the absence of eccentric stresses. The lap joint is only used in unimportant details 
in structural work, and should always be discarded for the butt joint where possible. 


ss Soe 


Single Riveted, Double Riveted Chain Riveted 
LAP JOINTS. 
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Single Riveted, _ Double Riveted Chain Riveted 


BUTT JOINTS. 


Fic. 290. 


243. Strength of Riveted Joints.—A riveted joint may fail either by the rupture of the 
rivet or of the plate; hence the maximum efficiency is obtained where the strength of the rivets 
is just equal to the strength of the plate. As the shearing strength of wrought-iron is about 
three fourths of its tensile strength, it follows that the shearing area of the rivets should be 
one third greater than the net area of the plate which is in direct tension. Also, as the crush- 
ing strength of a rivet is about one and one half times the tensile strength of wrought-iron, the 
bearing area of the rivet (i.e., diameter of rivet by the thickness of the plate on which it bears) 
must be two thirds of the net area of the plate. 

The maximum economy in material is obtained where the net area of the plates or pieces 
joined is the greatest possible. Fig 291 shows how this is best accomplished. It also shows 


Fic, 291. 


the best arrangement of rivets for a uniform distribution of the stress over the entire area of 
the plates joined. The rivets are also placed symmetrically about the axis AB of the plate. 
The plate XY in Fig. 291 may fail by tearing apart on the broken lines abc, dbe, or on the line 
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fog. A failure on either of the broken lines adc or dbe would be partly by direct tension on a 
section perpendicular to the fibre and partly by shearing parallel to the fibre. As the shear- 
ing strength of wrought-iron parallel to the fibre is only about one half of its tensile strength 
on a section at right angles to the fibre, the relative net area on the broken lines adc and abe 
is less than the length of those lines diminished by the number of rivet-holes which are located 
on them. Thus, for the line aéc there would be 9 — 5 = 4 inches of width to be ruptured in 
direct tension, and (6 — 2)2 = 8 inches in length to fail by shearing parallel to the fibre. As 
the iron for this kind of shear is worth only one half of what it would be worth in direct 
tension on a section perpendicular to the fibre, the relative value of the 8 inches along the 
fibre is 4 inches across the grain; hence the relative wet width of the plate is 8 inches. The 
relative net width of plate on the line de will also be found to be 8 inches, and the net 
width of plate on the line /ég is 8 inches. The net area of the cover plates should be equal 
to the net area of the plate spliced. This can be accomplished by arranging the rivets so as 
to get a maximum net width of plate, and then increasing the thickness of the cover plates if 
necessary to obtain the required net area. 

What has been said regarding riveted joints refers particularly to joints in tension; but 
it applies fully as well to compression joints, excepting that in the latter no attention is paid 
to the net section, as it is generally assumed that rivets do not weaken compression members. 
Close spacing of the rivets would increase the danger of local failure in compression members, 
and should be avoided. In all joints care should be exercised to so arrange the rivets that 
the stress may be uniformly distributed over the area of the piece. 


WATERTOWN ARSENAL TESTS ON SINGLE-RIVETED DOUBLE-BUTT JOINTS. 


I. OPEN-HEARTH STEEL PLATES % INCH THICK, +-INCH COVER PLATES. 
Iron Rivets, MACHINE DRIVEN. HOLES DRILLED. 
jeccengt lengthwise = 56,500 lbs. per square inch. 


crosswise = 56,500 ‘‘ ‘‘ es ee 
Material of Plates:  < Elastic limit mes COO oN ala | LE <6 
Elongation in loin. = 26 per cent. 
| Reduction of area =55 ““ “ 


(Each result the mean of two tests. Method of failure indicated by bold-faced type.) 


Maximum Stress on Joint per Square Inch. 


Size of Rivet Pitch of | 


and of Hole. Rivets. Tension on Gross Tension on Net Compression on” Shearing on Efficiency of 
Section of Plate. Section of Plate. Borage of Rivet. Joint. 
9 Le ih 39,940 64,900 103,800 38,550 73-6 
aeons 12 39,420 61,320 IIO, 300 41,060 72.6 
12 37,000 64,800 86,400 26,900 68.2 
tiand'? 1% / 37,740 62,900 94,400 29,500 69.5 
Ue 2 41,900 67,050 III, 800 36,900 70.7 
24 41,000 63,300 116,200 37,200 69.7 
% 34,600 64,900 74, 100 20,000 63.8 
2 37,900 67,400 86,600 24,500 63.4 
18 and } 24 38,900 65,'700 94,400 25,800 66.1 
i ae 24 38,900 63,600 100,000 27,500 69.4 
28 39,400 62,400 107,000 29,300 71.4 
24 40,600 62,500 116,000 32,400 75.6 
2 34,000 68,000 68,000 16,600 57.6 
2h 35,100 66,400 74,700 18, 300 59.6 
a4 35,600 64,200 80,200 19,400 63.4 
Te ond 28 36,900 63,700 87,600 20,400 66.8 
eT ied 24 37,400 62,300 93,500 : 22,400 69.6 
28 39,300 63,400 103,300 24,300 67.8 
2g 40, 100 63,100 110,000 26,200 69.4 
2t 39,800 61,100 114,400 28,000 74.1 
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II. OPEN-HEARTH STEEL PLATES 4 INCH THICK, ;4-INCH COVER PLATES, 
IrRoN Rivets, MACHINE DRIVEN. HOLES DRILLED. 
( Strength lengthwise = 58,560 lbs. per square inch. 
Ge Somes Saas e Ho 1 
Material of Plates: + Elastic limit == 83), OO aaa ae % 
Elongation in 10in. = 24 per cent. 
Reduction ofvarea’ = ="50 | - 
(Each result the mean of two tests. Method of failure indicated by bold-faced type.) 
Maximum Stress on Joint per Square Inch. 
Size of Rivet Pitch of : 
and of Hole. Rivets. Tension on Gross Tension on Net Compression on Shearing on Efficiency of 
Section of Plates. Section of Plates. gigi Poleto of Rivet. Joint. 
inch. inches 
13 38,400 67,100 89,500 36,600 67.1 
41 and 3 1% 39, 300 65,400 98,300 40,300 68.6 
2 37,000 59,100 98,800 40, 800 64.7 
1% 36,900 69,100 79,100 27,700 64.5 
2 37,900 67,400 86,700 30, 600 66.3 
48 and ¢ 24 44,800 76,100 108,800 37,200 76.0 
25 39,800 65,200 102,500 36,200 66.4 
28 40,000 63,400 108, 800 38,500 66.7 
2 34,400 68,800 68,800 21,100 60.2 
2k 35,000 66,000 74,400 22,400 59.2 
2+ 36,900 66,500 83,200 25,500 (Orc 
48 and 1 28 38,700 66,800 92, 100 28.300 64.5 
24 38, 700 64,600 96, 800 29, 800 66.9 
2% 39,700 64,700 104,500 31,200 67.2 
2e 40,600 63,900 III,500 34,300 67.6 
23 30, 400 64,800 57,300 15,400 Saas) 
24 33,400 66,800 66,800 17,600 56.5 
28 33,700 63,900 71,200 19,400 58.0 
24 36, 100 65,000 81,400 22,000 6253 
I; and 14 28 36,400 63,700 85,000 22,700 61.6 
2$ 38,700 65,400 94,700 25,800 64.5 
2g 38,900 63,900 99,400 27,300 67.0 
3, 39,900 63,900 106,300 29,100 68. 
3k 38,900 60,800 108,200 29,600 67.7 
III. OPEN-HEARTH STEEL PLATES INCH THICK, 8-INCH COVER PLATES, 
IRON Rivers, MACHINE Driven. HOo.es DriLiep. 
Strength lengthwise = 56,100 lbs. per square inch. 
fe CrOSSwisel=—="505700 Neon aes “¢ =e 
Materia: of Plates: ~ Elastic limit == ieee) CF GC a 
| Elongation in Io in. = 27 per cent. 
| Reduction of area = 47 <<“ 
(Each result the mean of two tests. Method of failure indicated by bold-faced type.) 
Maximum Stress on Joint per Square Inch. 
Size of Boe Ae of é 
and of Hole. ivet, . a ompression on : 
Tensio G a8 Ni : i 
Section of Plate. | Section of Plate, | Bearing Surface of | Shearing on eee 
inch. inches. 
% 34,100 64,000 73,200 33,100 61.4 
48 and Z 2 35,900 63,900 82, too 37,600 64.9 
24 36,800 62,600 89,400 40,600 66.9 
Z 32, 100 Ga,108 64, 100 25,400 58.3 
5 34,100 4,300 72,400 28,600 60.9 
18 and 1 24 36,300 65,200 81,600 31,800 63.2 
23 37,600 65,100 89, 200 36,500 65.7 
24 37,100 61,900 92,900 36,500 66.3 
2g 36,300 58,800 95,300 37,600 64.7 
24 31,100 66,100 58,700 20,700 6 
24 33,200 66,300 66,200 22,800 ae 
zy 34,500 pelyos 72,800 25,200 60.2 
34,900 3,400 77,500 27,100 62. 
17, and 1} 28 36,700 64,300 85,600 29,900 een 
23 38,100 64,600 93,100 32,100 66.5 
2k 38,400 63,000 98,400 33,900 67.0 
3 38,400 61,500 102,500 35,900 68.6 
35 37,900 59,200 105,000 37,100 68.9 


Size of Rivet 
and of Hole. 


17, and 14 
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IV. OPEN-HEARTH STEEL PLATES 2 INCH THICK, ;%-INCH COVER PLATES. 
IRON Rivets, MACHINE DRIVEN. HoLEs DRILLED. 
Strength lengthwise = 58,300 lbs. per square inch. 
a crosswise = 60,200 ‘* “ a sf 
Material of Plates: Elastic limit Sep croroy 0 AY Ss Gy 
| Elongation in 10in. = 27 per cent. 
| Reduction of area = 48 “ “ 
(Each result the mean of two tests. Method of failure indicated by bold-faced type.) 
Maximum Stress on Joint per Square Inch. 
Pitch of , 
Rivets. Tension on Gross Tension on Net Compression on Shearing on Efficiency of 
Section of Plate. Section of Plate, | Bearing Surface of Rivet. Joint. 
Rivet. 

inches 
2 32,000 63,900 64,100 30, 400 54.2 
24 34,600 66,100 73,500 35,800 58.6 | 
2+ 35,900 64,600 80,800 38,900 60.8 
28 36, 100 62,200 85,700 40,400 61.1 
2h 31,500 66,900 62,000 24,900 53.4 
at 34,000 68,000 68,100 28,700 57.6 
28 35,300 67,100 74,700 32,100 59.8 
24 38,100 69,300 84,200 35,200 63.0 
28 35,700 62,600 83,300 34,'700 59.3 
2% 37,700 63,800 92,300 38,900 64.0 
2% 39, 300 64,000 93,800 41,300 66.5 
at 29,500 66,400 53,200 20,100 50.0 
23 33,600 71,000 63.900 23,800 55.6 
2t 34, 700 69,300 69,500 26,400 57-5 
28 36,500 69,400 775200 29,500 60.4 
23 34,500 63,200 75,900 29,200 58.3 
2k 38,300 67,'700 88,200 35,000 63.4 
3 37,600 64,600 90,200 35,800 65.0 
3h 38,300 63,600 95,700 36,500 64.8 
3+ 36,800 59,700 95,400 36,200 62.3 
38 39,900 63,300 107,800 41,100 67.5 


U. S. BUREAU OF STEAM ENGINEERING TESTS OF MULTIPLE-RIVETED BuTT JOINTS. 
DOUBLE-RIVETED BUTT JOINTS 20 INCHES WIDE. 
RIVETS STAGGERED AND MACHINE-DRIVEN. 


Hoes DRILLED. 


(Method of failure indicated by bold-faced type.) 


ee ES SS ee 


Maximum Stress on Joint per Square Inch. 


Si f Rivet} pj Distance | Kind of Thickness ecree of 
“and es ‘Rives Pee Rivet. Plate Pounds er rece Selec cnee eal eniet Shearing on | Efficiency 
Nae Gen ocaes 18) Section of er ce Surface of Rivets. of Joints. 
Plate. us Rivet. 
inch. inches. inches. inch. 
‘- 42,860 55,990 84,320 45,470 79-8 
£ and 25 3 14 Steel £ 53,710 40,960 53,530 80,690 43,000 76.2 
42,720 55,800 84,140 42.540 79.5 
35,180 51,150 62,560 32,340 68.7 
1 and I75 3% 2 Steel $ 51,190 36,190 52,640 64,410 33,210 70.7 
35,780 52,050 63,630 32,970 69 9 
TRIPLE-RIVETED BUTT JOINTS 20 INCHES WIDE. 
x 43,460 54,040 69,560 36,320 80.9 
d 2 9 I Steel = 53,710 40,390 50,200 64,630 33,410 Ge 
RS all ; 44,290 | 55,050 | 70,790 | 36,640 82.5 
37,910 51,080 53,500 213s FAct 
d 17 ) 138 Steel $ 51,190 38,400 51,720 54,190 28,420 75.0 
eee ks as 37,950 51,130 53,560 | 27,730 74.1 
43.600 54,220 69,720 35,130 aoe 
8 5 I Iron £ 53,710 43,260 53,780 69,220 36,460 0.5 
and $5 ais J 43,000 53,460 68,820 36,390 80.1 


ee eer 
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244. Watertown Arsenal Tests of Riveted Joints.—In the preceding tables are given 
the results of some tests on riveted joints at the Watertown Arsenal. They agree practically 
with others made recently elsewhere and are worthy of study, as they show the value of close 
riveting in distributing the stress uniformly over the piece by the higher values of the net 
sections where the pitch is the least. They also show the very high crushing strength of 
rivets, their shearing strength, and seem to indicate that the real strength of a riveted joint 
is the friction between the plates caused by the tension on the rivets. Almost invariably it 
will be found that the tensile strength per square inch of net area of plate in the riveted 
joint is greater than the tensile strength of the specimen test of the same material. 

245. The Designation and Location of Rivets on Working Drawings.—Working 
drawings, or those used in the manufacture of the work, should always show definitely and 
clearly the size, location, and kind of the rivets used. As it is customary to use only one size 
of rivet in one complete piece, a single note on each drawing giving the size of the rivet and 
of the hole is generally all that is necessary. This note should always be prominent enough 
to be easily found. The location of the rivets, inasmuch as this is a question which should 
be determined by the designing engineer and not by the shop workmen, can be given by 
dimensions on the drawing. It must be remembered that in the manufacture each component 
piece of a riveted member is punched separately, hence the dimensions must be given so that 
the proper location of the rivets on them will be understood. For plate iron the rivets are 
located from the end and edge of the piece as base lines. For angle and Z iron the base lines 
are the ends and backs. For channel iron the backs and end if the rivets are in the flanges, 
or from the sides and end if the rivets are in the web. In general, for any shape use as a base 
line an edge which is definitely finished in the rolling of the shape and never any filleted 
corner or rounded edge. In the following table is given the usual spacing of rivets for angle 
iron and the distances to be given in locating rivets for angles, channels, and I beams. 


Pitch. 
Width of Leg fe ne ee ee 
of Angle. 
Double. Single. : 

WwW A z ae 
12 Not used I ; 

ce ce 
= 66 “ee Ys 
25 13 

“<é 
24 : : a 
24 “ee “e a) 
3, ¥ i a) 
34 oe ce ts 
33 “e ee < 
4 1 “e “ce 23 
43 5 24 
5 Ig 2 3 
6 24 24 4 


Besides giving the size of the rivets and their location it is necessary to show on the 
drawing whether they are full-button-headed, flat headed, or countersunk ; also, whether they 
are to be shop-driven or‘are field rivets. This may be done by adopting some conventiona] 
sign for each of the different kinds of rivets, A few years ago the conventional signs* shown 
on page 267 were generally adopted by the bridge companies and consulting bridge engineers, 
and it would save a great amount of annoyance if they were universally adopted. They have 


stood the test of continual use for two years, and are to be recommended for their simplicity 
and clearness. : 


* Originally devised by Mr. Frank C, Osborne, C.E, 
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The heads marked @ are countersunk, but are not chipped so as to bring them flush with 
the surface of the plate, It is impossible to determine the exact length of material required 
for countersunk rivets which will result in tight rivets and also drive flush with the plate. The 
heads marked ¢ and ¢ are button-heads flattened. 


Maximum height of heads marked @ =} inch. 
a” OD 2? ” 2 b =y%”? 
ws Ee oi) ” a” C= 36 ” 


CONVENTIONAL RIVET SIGNS. 


246. Bolts are manufactured either “rough” or “finished.” The finished bolt is the 
rough bolt finished to exact dimensions. Rough bolts are used in the temporary fitting up 
of work in the shops and during erection, and generally for all woodwork. Finished bolts are 
very expensive, and are only used in those cases where a close fit is absolutely essential. The 
latter are often used as a substitute for rivets, in which case they are proportioned for the 
same allowed stresses as rivets. In cases where rivets would be subjected to direct tension 
tending to pull off the rivet-heads, finished bolts are now generally used, as they are more 
reliable than rivets to resist such stresses. Where finished bolts are to be used it must also be 
borne in mind that the holes for them must be drilled to an exact fit with the bolts, and that 
this adds to the expense. An advantage of the use of bolts in place of field rivets is that the 
work can be done much quicker, and when it is desirable to erect a span as quickly as possible 
bolts may be used to advantage. 

When ordering bolts give the diameter, length under the head, and length of thread neces- 
sary. Tables giving the standard dimensions of bolts may be found in various handbooks. 

247. Anchor Bolts.—The ordinary anchor bolts which are used to hold the bed plates 
of a span in position are rough bolts and are made in various styles. The three styles shown 
in Fig. 292 are the ones most commonly used. 

The wedge bolt, (2) Fig. 292, is split at the bottom and a small wedge inserted, which 
when the bolt is driven in expands the lower end of the bolt and prevents its being pulled 
out. The “rag” or “swedged” bolt (4) has indentations on its surface. The bolt (c) has a 
screw thread cut-on its lower end. When the bolts are put in, the hole is filled with sul- 
phur, lead, or cement, which sets and holds the bolt. 
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Where the anchor bolts are not relied on to resist any direct tension, they are put from six 


to nine inches in the masonry. 

If the bolts are relied on to take a direct tensile stress—as, for instance, at the foot of a 
high trestle post or for elevated-railroad posts,—they are put in the masonry as far as it is 
necessary to insure a weight of masonry resting on them sufficient to resist the tension on 


FIG. 292. 


the bolt. These bolts are usually provided with a head on their lower end, which bears on an 
iron plate. If made in this way they are built into the masonry when the latter is laid. Bolts 
‘with screw-ends, as shown in (c), Fig. 292, have been set in masonry with cement, and when 
tested have developed the value of the bolt in tension. 

248. Pins.—The following table gives the standard sizes of pins made by the Edge Moor 
Bridge Works. The diameter of the finished pin is given in sixteenths of an inch, as the 
material from which the pin is made is furnished in sizes measured in even eighths of an inch, 
and one sixteenth of an inch is taken off in turning or finishing the pin. The table also gives 


STANDARD TRUSS PINS AND NUTS. 
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the standard sizes for the solid pin nut and the Lomas pin nut. The Lomas nut is now the 
one most commonly used; the recess in the nut allowing the nut to be drawn up tight against 
the bars packed on the pin, as there are usually small inaccuracies in the thickness of the bars 
which prevent an exact calculation of the grip of the pin. Before the Lomas nut came into 
use a wrought-iron washer bored to fit the pin was used with the solid pin nut to accomplish 
the same purpose. The pilot nuts shown are put on the pin to protect the thread and assist 
in guiding the pin while it is being driven. 

In calculating the grip of pins it is customary to increase the net grip ;4, of an inch for 
each eyebar, and one fourth of an inch for each 
riveted compound member. Thus in Fig. 293 
the net grip would be 27 inches but to allow for 
inaccuracies in the thickness of the members, the 
grip of the pin would be made 27% iches. For the 
same reason, when there are several members 
packed inside of a built section, as for instance in 
a top chord, the clear width inside of the section 
must be enough to allow the eyebars to be 7% of 
an inch thicker than their nominal thickness and 
the posts or built sections + of an inch wider than 
their net width, and besides this the net clear 
width of the chord must be taken as } of an inch 
less than the nominal net width. 

The members on a pin should be packed as 
closely as possible. When it is necessary, in 
order to reduce the bending moment on the pin, 
to pack eyebars in pairs, they should be separated MED E 
at least one half of an inch, to prevent the ccllection of dirt and water and to allow the bars 
to be painted. 

249. Lateral Pins.—The pins used in the lateral system, if large, are the same as those 
used for truss pins. If they are small or under 2$ inches in diameter, the 
cotter pin shown in Fig. 294 is used. Sometimes both a nut and cotter are 
used on this style of pin. Lateral pins should always be packed so that 
they will be in double shear. This point is mentioned because it was 
formerly, and to a certain extent is now, the practice to use them in single 


» | oes —10"net—- aa 


shear. 

250. The Calculation of the Stresses on Pins.—A pin must be analyzed as a short 
beam which is subjected to excessive shears and bending moments. It must be dimensioned 
for three kinds of failure, viz.: 

1. Shearing. 
2. Cross-bending. 
3. Crushing. 

Dimensioning for Shear.—lt is customary to regard the shearing stress as uniformly dis- 

tributed over the cross-section, in which case the intensity of the shearing stress is 


But from eq. (10), page 134, we obtain for the intensity of the shearing stress on the 
neutral plane, 
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in other words, for a solid circular section the maximum shearing stress is four thirds the 
mean stress. A sufficiently low working intensity of the shearing stress is always taken to 
allow equation (1) to be used with safety, or to assume that the shearing stress is uniformly 
distributed. 

For Wrought-tron Pins use for mean intensity of shearing stress in pins 8000 Ibs. per 
square inch. 

For Steel Pins use 10,000 lbs. per square inch for shear, 

The maximum shearing stress at any section is found by making a continued sum of the 
horizontal and of the vertical components of the forces coming upon it. The maximum 
shear at any section is the square root of the sum of the squares of the horizontal and vertical 
shears at that section. 

251. Bending Moment on Pins.—If a pin be regarded as a beam, the bending moment 
at any section may be found by assuming the loads to be concentrated at the centres of the 
bearings of the members meeting at that joint. So long as the pin remains unbent this is 
correct. When the pin bends appreciably the members no longer bear evenly upon it, and 
the above assumption may become very erroneous, since both the forces and the lever arms 
change asa result of the bending, and the bending moment becomes very much less than 
would appear from the computation. 

The members should be packed on the pin in such a way as to produce the least moment. 
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An apparently slight change in the arrangement produces astonishing changes in the maximum 


moment. Thus in Fig. 29s, which is an actual case,* we have the following computation of 
the shears and bending moments: 


—————— ee 
* Reported by Mr. Frank C, Osborn, C.E., in Engineering News, Feb. 18, 1888, 
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HORIZONTAL MOMENTS AND SHEARS, FIG. 295, 


Bending Moment. 
Member tress. S ; - : 
pines a MENGES MCReRent Total Moments in 
: Inch-pounds. 
Ly + 45,600 ; 
+ 45,600 1 inch 45,600 
Ry — 30,200 45,600 
-++ 15,400 os 15,400 
Lo | + 45,600 61,000 
+ 61,000 ree ate 61,000 
Ry SOOO = 122,000 
| +- 30,800 1g“ 42,300 
| Rs — 30,800 164,300 
( fe} 


HORIZONTAL MOMENTS AND SHEARS, FIG. 296. 


| Bending Moment. 
Member. Stress. Shear. Lever arm. Paes ASEAN Rm CnTRan 
5 Inch-pounds, 
Ry, — 30,200 
— 30,200 1 inch — 30,200 
Ly + 45,600 | — 30,200 
+ 15,400 ae -f 15,400 
Ro — 30,200 — 14,800 
— 14,800 ve — 14,800 
Ly ++ 45,600 — 29,600 
+ 30,800 1p “* + 48,100 
Rs — 30,800 ++ 18,500 
| Oo 


In this case the vertical components of the shears and moments would not materially add 
to those from the horizontal components and are not computed. It is evident at once that 
the second arrangement, shown in Fig. 296, gives less than one fifth as great a bending 
moment as the actual arrangement shown in Fig. 295. 

The bending moment may also be found graphically, as shown in Fig. 295, by means of 
bending moment diagrams.” 
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252. Fibre Stress in Pins.—From the formula = ri Oise es Tip ke have for a solid 


1 
cylindrical beam 
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In the above example the pin was 24 inches in diameter; hence we have, as the stress on the 
extreme fibre with the first arrangement, e 


arn, 
ea = 108,000 lbs. per square inch. 


Evidently there was no such fibre stress in the pin or it would have broken. It doubtless 
was considerably bent under this load, and this bending caused a redistribution of the eye-bar 
stresses in such a way as to greatly diminish the bending moment on the pin, but with the 
effect of overstraining some of the bars. The pin can only perform its function of trans- 
mitting the stresses and distributing them equitably amongst the members by remaining 
sensibly straight. In Chapter VIII it was shown that the computed stress on the extreme 
fibre of a bent beam always exceeds the actual stress on these fibres when bent beyond the 
elastic limit. In this case, although the pin did not break it was evidently greatly over- 


strained. 


nd horizontal forces acting on the pin, and constructing two moment diagrams on a 
i i i i i ic with vertical ordinates, and the horizontal forces 
line at 45° with these directions, the vertical forces forming a diagram . 


e with horizontal ordinates, the actual maximum moment may be taken off with a pair of dividers by setting on 
The authors prefer the tabular computations, however, as given above. 


* By obtaining the vertical a 


on 
corresponding portions of these two diagrams. 
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TABLE GIvING FAcToRS WHICH IF MULTIPLIED BY THE BENDING MOMENT IN INCH-POUNDS ON A PIN WILL GIVi; 
THE OUTER FIBRE SrRess ON THE PIN IN PouNDS PER SQUARE INCH. 


ROnmulasae ja SM. 


| Diameter of Pin in Inches, 


a. | 2k | ob | ak | 3% (aE | oe Task a ie eae rea ieee 


Factor “>= 1.275 | 0.900 | 0.654 | 0.490 | 0.378 | 0.297 | 0.238 0.193 | 0.159 | 0.133 | 0.112 | 0.004 | 0.082 | 0.061 | 0.047 
a 


With these factors and with the assumed stresses on the extreme fibre as given in the 
following table we may find the permissible bending moments for pins of various diameters 
as follows: 


MAXIMUM PERMISSIBLE BENDING MOMENTS ON PINS. 


Extreme Fibre Stress per Square Inch. 
Diameter of 


Pe 15000 18000 20000 | 21000 22500 
16 2470 2960 3290 3450 3700 
14g 4380 5250 5830 6130 6560 
I+ 7080 8500 9430 gg10 10620 
Iie 10710 12860 14280 15000 16070 
215 15420 18500 20550 21580 23130 
215 21330 25600 28430 29850 32000 
2i¢ 28590 34310 38100 40050 42890 
2t6 37340 44800 49760 52250 56000 
37s 47700 57240 63570 66750 71560 
376 59830 718c¢ 79740 83750 89750 
36 73860 88630 98430 103400 110800 
316 89920 107900 119800 125900 134900 
4is 108200 129800 144100 151400 162200 
ais 128700 154500 171500 180200 193100 
at 151700 182100 202200 212400 227600 
4té 177300 212800 236300 248200 266000 
55 205600 246800 274000 287800 308400 
516 236800 284200 315600 331500 355200 
5t6 271000 325200 361100 379300 406500 
Ste 308300 370000 410900 431600 462500 
675 348900 418700 465000 488400 523400 
675 393000 471600 523700 550000 589400 
644 440500 528700 587100 616600 660800 
613 491800 590200 655400 688500 737700 
T¢5 545800 655000 727800 764200 818700 
715 


605900 727000 807800 848200 908800 


In the case of suspension-bridge pins where nearly the same total stress is transmitted 
continuously in one plane, the transverse load being relatively very small, the stresses in these 
may be omitted in finding the stresses on the pins. There are then three methods of arrang- 
ing a series of eyebars on a pin, as shown in Figs. 297, 298, and 299. In the first, Fig. 297, 
the bars are all the same size, and alternate as shown. In the second, Fig. 298, they are of 
the same size and are arranged in pairs. In the third, Fig. 299, the two outer bars are one 
half the width of the others, and are arranged alternately. 

In the first case the bending moment increases regularly from the-end to the centre, each 
pair of bars forming a couple the moments of which, on either half of the pin, are all of the 
same sign. The maximum bending moment on the pin is here nFt, where x is one half the 
number of bars coming to the pin from one direction, or x = number of couples on one half of 
the pin; P= stress in one bar; and ¢ = thickness of one bar plus ;'g in. for probable spacing, 


DELAILS OF CONSTRUCTION. 27 


In the second case, the bars being in pairs, the greatest moment is that due to but one 
couple, since this moment is at once reduced to zero by another couple of the opposite sign. 
Or the maximum moment here is P2. 

In the third case, the outer bars being half the thickness of the others, the moment is 
still less, as shown by the moment diagrams accompanying the several arrangements. 

The arrangement in pairs, Fig. 298, can often be used in packing lower chord joints in 
truss bridges. A little intelligence and care in fixing the arrangement of these members on 
the pin may prevent very serious blunders when it comes to erection. The exact arrange- 
ment should always be clearly indicated. 


Fic. 297. Fic. 208. Fic. 299. 


253. The Bearing or Crushing Value of Pins is taken as so many pounds per square 
inch on the bearing area of the pin on the bearing plates. This area is found by multiplying 
the diameter of the pin by the thickness of the bearing. The usual pressure allowed is 12,000 
pounds per square inch for railway and 15,000 pounds per square inch for highway construction 
if either the plates or the pin or both are of iron. If both the bearing and the pin are of steel, 
15,000 and 18,000 pounds per square inch are the corresponding values which are commonly 


used. 


The pressure between the bearings of eyebars and pins is usually not limited except by a clause in the 
specifications which limits the »z2zmum diameter of the pin to three fourths the width of the bar. When 
this minimum pin is used the bearing pressure per square inch is 334 per cent greater than the tensile stress 


per square inch on the bar, which is not an excessive ratio. 


The diagram given on page 274 gives the bearing value of pins on plates of different thick- 


nesses allowing a pressure of 12,000 pounds per square inch. Similar diagrams allowing 15,000 


and 18,000 pounds per square inch should be made for practical use. 

254. The Bearing Strength of Rollers.*—When a cylindrical roller bears on a flat 
when resting between two flat beds, the linear element in contact 
es a surface of considerable width as the pressure increases, since 
The law of the distribution of the stress 
ller and plates is unknown. The 


plate, or transmits a load 
for a zero pressure becom 
the materials of both bed and roller are elastic. 
from this small contact area over the cross-section of ro 


* The discussion contained in this and the following article is taken from a paper contributed by Prof. Johnson to 


the Engineers’ Club of St. Louis, December, 1892. 
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BEARING VALUES OF PLATES ON PINS OF DIFFERENT DIAMETERS, 
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intensity of this stress, too, is always far beyond what is ordinarily known as the elastic 
limit. This limiting stress corresponds to the maximum distortion which will entirely dis- 
appear when the load is removed, or to the initial permanent set. This permanent set or 
fixed distortion is a kind of cold flowing of the material. When a plain cylindrical column 
is subjected to a uniform compressive stress over its entire cross-section, as in Fig. 300, it 
may be said to be in a condition of free flow, since it is free to spread in all directions 


Fic. 300, Fic. 301. Fic. 302. 


throughout the length of the column. In Fig. 301 the material is compressed uniformly over 
a small area, as with adie. Here there is a flowing of the metal laterally, and then vertically, 
finding escape around the edges of the die. This is a condition of confined or restricted flow, 
and evidently the elastic limit here will be much higher than with the simple column. In Fig. 
302 the surface is compressed by a cylinder, or sphere, the greatest distortion being at the 
middle of the area of contact. When this metal is forced to move, or flow, it can find escape 
only out around the limits of the compressed area. But at these limits the metal is very 
little compressed, and hence must be moved from the centre. The confining ring of metal 
inside the limits of external flow is now much wider and hence the resistance to flow much 
greater, so that this condition will be found to have a higher elastic limit stress than that 
shown in Fig. 301, and very much above the ordinary “ elastic limit in compression,” which is 
found for the free-flow condition of Fig. 300. 

What the relation between stress and strain is in the case of a roller on a plane surface is 
also unknown. It is evidently not that given by the ordinary modulus of elasticity, called 
Young’s modulus, which gives the relation for uniform direct stress, as in Fig. 300. 

Therefore, since we do not know the elastic limits for rollers on planes, and have no 
knowledge of the particular distribution of the stress, or of the modulus of elasticity, under 
such conditions, it is evident.that we are not ina condition to make a theoretical analysis of 
the problem. All such analyses as have been made of this class of problems,* as of bearing 
rollers, of wheels on rails, which is the case of two cylinders crossing at right angles, and of 
spheres on planes, have been made on very violent assumptions, and the conclusions are far 
from agreeing with the facts as shown by experiment. 

255. The Problem Solved Experimentally.—In order to obtain data for solving the 
problem of the bearing strength of rollers experimentally, Profs. Crandall and Wing of Cor- 
nell University made a careful and elaborate series of experiments on rollers 1, 2, 3, and 4 
inches in diameter, on plates 14 inches thick, using cast-iron, wrought-iron, and steel in both 
rollers and plates, in all combinations. Thirty-three combinations of sizes and materials, and 
in all about two hundred observations of loads and corresponding areas of contact, were made. 
These experiments have never been published or discussed, but they were loaned to the 
authors of this work, and they have given them a very thorough study and analysis. Several 
assumptions were made as to the distribution of the stress, and all abandoned as inadequate. 
It was finally decided to make a purely empirical analysis of the results and obtain such equa. 


— 


See a paper on the Strength of Metallic Rollers, by Prof. Johnson, in Journal Assoc, Eng. Soc., Vol. IV, p. 110. 
Also Prof. Burr’s Bridge and Roof Trusses. 
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tions as they would give. The observations were made by using a coating of tallow to show 
the area of contact. It soon became evident that the widths of contact had usually been 
taken too great, especially for the lighter loads and for the larger diameters. When these 
were corrected (the corrections being from 0.01 to 0.03 inches, the observed widths being re- 
duced by these amounts in several instances) the analysis showed the following relations: 


Let ~ = load in pounds per linear inch of roller; 
D = diameter of roller in inches; 
A = area of contact per linear inch, in square inches, 

= width of surface of contact in inches; 
/, = compressive stress in pounds per square inch at centre of area of contact; 
J. = compressive stress at the elastic limit; 
Jw = working value of the compressive stress. 
c, k, and K = constants determined from the observations. 


It was found that 


where & has different values for the different materials. 

The distortion area ABCD, Fig. 303, may be con- 
sidered as the segment of a parabola, in which case the 
ordinate BD is 3 of the mean ordinate. If the stress be 
assumed to be proportional to the strains, or distortions, 
the maximum stress would also be # of the mean stress, 
Or we could write 


Fic. 303. 


f= 3. 9 «6 Fo Oe 6) 64 et feoue Meute (2) 


From (1) and (2) we have 


p= (4) pd. oe 2 


The first indentation of the rollers and plates were not very closely observed in these 
experiments, but in a very careful set of experiments made by Prof. A. Marston, who, in con- 
nection with Prof. Crandall, has fully discussed this whole problem,* the elastic limits of steel 
rollers on steel plates were carefully determined. In these latter experiments eleven rollers 


were employed from 1 in. to 16 in. diameter. These results show that the elastic-limit load _ 


with soft-steel rollers on steel plates, per linear inch of roller, is 


Be ED) 0S i trek he aaa re 


where ¢ is a constant, and in these experiments was found to be 880 for soft-steel roller and 
plate. Hence p = 8800 for soft steel. By combining eqs. (3) and (4), we find the elastic limit 
stress at the centre of the area of contact to be 

* See paper by Professors Crandall and Marston in Trans. Am. Soc. C. E., Vol. XXXII., p. 99, and also discussion 
of same, p. 269. 
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Here both ¢ and & are constants depending on the materials. 


From both sets of experiments named above, we can derive the following approximate 
values of &, c, and £,. 


1) 


Combination of Materials. 


Rk c ie 
Cas inonsrollersOnrCaStlrOMeplater c..;ce cvs, e siete sjeleysereie © cles esis ose cele wie es 0.00050 1460 115,000 
GasironronmwrougntIron Or Stee la. - = seis ee sieibiniers) sis b%e"e soe sie ele clei ists 0.00040 g60 115,000 
SOM-SLeClOlleronSOLt-Steeluplate, nim icvsralie cuiecieieie ckeleisie eisiecje.ss + nies aensueue 0.00036 880 124,000 


If the working stress be taken at about one fifth the elastic limit stress for cast-iron, and 
at about one third that stress for wrought-iron and soft steel, we have as the working load per 


linear inch of roller for all combinations of cast-iron, wrought-tron, and soft steel, and for all 
diameters from \ inch to 16 inches, 


Pi SOO rare ieee s Noln ot. "et 16 et ae) 


If P = total load to be carried, and 
Z = total length of bearing rollers, we have 


Rigiee : 
= FD re hs er 


In case the load is liable to be unequally distributed over the rollers, it may be advisable 
to take smaller working stresses. As an extreme case, where the load may be concentrated on 
one half the rollers, but using in this case factors of safety of 3.5 and of 2 on the elastic limit 
strength, in place of 5 and 3 respectively, as before, we would have 


Pp — 200D, ° ° ° . . ° ° . ° ° e . ° (8) 
or 
Pp 


Z = 200D" ° . ° Q . e e ° ° . . . (9) 


256. A Good Design for Heavy Movable Bearings.—Figs. 304 and 305 are taken 
from Mr. Geo. S. Morison’s design for the movable bearings on the middle pier of the 
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Memphis Bridge, there being a fixed span of 621 feet on one side and a cantilever span of 
790 feet on the other. Thus this movable support sustains a length of span of over 7054 feet, 
which has a dead load of some 5,000,000 pounds and a live load of some 3,000,000 pounds 
more, or some 4,000,000 pounds total load on each support. In order to increase the bearing 
surface without making the sole plate of the shoe too great, the sides of the cylindrical rollers 
are cut out and thus they may be made of large radius, as shown in the accompanying figures. 
These rollers are 15 inches in diameter and are spaced 8 inches apart. There are fifteen of them, 
each 112 inches long, or 1680 linear inches of roller under each truss bearing. This is nearly 
2400 pounds per linear inch. By our formula p = 3007 per lineal inch, Since D here is 15 
inches, our formula would allow 4500 pounds per linear inch, or nearly twice the actual load 
on these rollers. The distribution of the loads evenly over the rollers from the pin is a very 
important matter, and the method here adopted of using two courses of I-beams above and 
a course of railroad rails, with one flange removed so as to pack solidly together, for a base, 
and below all a high casting for distributing evenly upon the pier, is to be commended, An 
objection which can be made to the scheme is that it is very expensive. 

257. Provision for Expansion,—All spans under 75 feet usually rest on planed bed- 
plates and expand or contract by sliding on the surface between the sole and bed-plate. 
Rollers are used under the sole-plates or shoes of all spans over 75 feet. When rollers are 
used the span should be supported on an end pin so as to insure the pressure coming on the 
rollers centrally. This applies to plate and lattice 
girder spans as well as to pin-connected truss spans, 
because otherwise the deflection of the span would 
necessarily transfer the pressure to the inner edge of 
the sole plate and toa few rollers at that end of the 
nest of rollers. Owing to the expense of boring the 
pin-holes in a long plate girder, the plan shown in Fig. 
306 is sometimes used. In using this plan care must 
be taken to make the plates stiff enough to distribute 
the pressure over the rollers or the masonry. For plate 
girders and single-web lattice girders (as distinguished 
from girders with box chords) the plan Fig. 306 is 
preferable toa shoe and pin owing to its greater lateral 


Fic. 306, 
stiffness. 


The expansion may be provided for by suspending the end of the span on links, This 
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FIG. 307.—ExpANSION Join1, ELEVATED RAILROAD. 
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is sometimes done in elevated-railroad work, and is always the case with the suspended span 
of a cantilever bridge. 

When the plan Fig. 307 is used, the allowed bearing pressure between the pins and the 
links should be reduced from that ordinarily allowed on pins in order to prevent the con- 
tinual motion from wearing the pin. 

In viaducts where the girders rest on the caps of the columns the girders expand by slid- 
ing on the column caps. Usually the longitudinal girders of elevated-railroad structures are 


_ allowed to expand on brackets built out from the cross girders. 


The towers of viaducts are allowed to expand by sliding on their bed-plates. There are 
two ways for providing for this expansion, as shown in Fig. 308. In plan (1) the base of the 
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Fic. 308. 
columns @ are fixed or anchored fast to the masonry while the bases of columns 6 are 
allowed to move in the direction of the arrows. In (2) the base of c is fixed and the bases of 
columns @ are allowed to expand in the direction of the arrows. In each of these cases the 
bottom struts of the tower must be made strong enough to overcome the friction of the 
column on the bed-plates considering the tower unloaded. 

In making allowance for expansion a variation of temperature of 150 degrees is usually 
provided for. The change in length is generally assumed to be one inch in eighty feet. 

258. The Design of the Truss.—For through spans the Pratt truss with inclined end 
posts has been found to be the most economical for spans under 180 feet ; from 180 to 225 feet 
the curved chord single intersection truss is generally used, and above that length the curved 
chord single intersection truss with sub-panels. For skew through spans the straight chord 
must be used for all lengths, or a curved chord truss with one inclined and one vertical end 
post may be used. In the latter case the portal strut would connect the vertical end post of 
one truss with the vertical hanger from the top pin of the inclined post of the other truss. 
When inclined end posts are used in a skew bridge the two end posts that the portal connects 
must have the same inclination in order that the portal may not be a warped surface. 

For deck spans the triangular truss will generally be found to be economical. For long 
spans sub-panels would be used. In general deck spans are more unstable, unless made very 
wide centre to centre of trusses, than through spans, as the floor and the train surface exposed 
to the wind are further from the shoe or point of support. However, if the deck span is sup- 
ported on the end top chord pin it is move stable than a through span, as the wind force on 
the bottom chord produces a negative moment to that of the wind force on the floor and train 
surface. Deck skew spans supported on the end bottom chord pin are to be avoided when 
possible owing to difficulty of designing efficient end sway bracing. 

259. Various Methods of Sub-panel Trussing.—In Fig. 309 are shown three methods 
in use for supporting the floor-beam at the intermediate panel point in a sub-panelled truss. 
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Asa question of economy there is practically no difference between them, (c) being a little 
more expensive than the others. Design (4) is to be preferred because the primary concep- 
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tion of the truss is to have all diagonals tension members and in all cases there is no ambiguity 
of stresses. 

260. Stiff End Bottom Chords.—A great many engineers require that the end bottom 
chord members of a through span be made stiff. It has been found that this adds consider- 
ably to the rigidity of the span, but no definite method of proportioning these members has 
been advanced. The wind causes a compressive stress in these members, but rarely enough 
to overcome the tension from the vertical load. Asa matter of safety the wind stress in the 
bottom chord should always be computed and the most unfavorable assumptions possible 
made, and if the tension is overcome, or nearly so, the chord should be made stiff. 

These stiff chords are made by stiffening the eyebars as shown in Fig. 310, or by using a 
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compound section of four angles or of two channels latticed. In either case it must be noted 
that the section is reduced by the rivet-holes, and in proportioning for the tensile stress the 
net area must be used. 

261. Stiff Floor-beam Hangers.—When a floor-beam is suspended from a pin some 
distance above the beam the hanger or tie supporting the beam is often made stiff. The 
advantage of a rigid member for such cases is that greater stiffness of the entire structure is 
obtained. The hanger may be made of any of the various forms mentioned for stiff bottom 
chords. 


Engineers differ as to the form of the member to use in the case of a stiffened tie, some holding that it 
should simply be that of a tension member braced as shown in Fig. 310, while others prefer that it should 
be made of the ordinary post section. The form shown in Fig. 310 no doubt looks better, but as the post 
section is the stiffer form and can be made amply strong it will make a more rigid member. 
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x 262. Collision Struts are sometimes used to brace the end 
post against a horizontal force, generally assumed to be that of a 
train off the track, striking the end post, in the plane of the truss. 
They are redundant members of doubtful utility and are not gen- 
erally used. Fig. 311 shows the usual position of this strut. 

263. Sub-struts are those struts which are used to stiffen 
compression members of a truss by holding them against flexure. Thus, in Fig. 312 the 


Collision Strut 
Fic. 311. 


sub-struts @ support the top chord sections in the middle and reduce their unsupported length 
as a long column one half. The strut 4 similarly braces the main vertical posts. A saving in 
material is often accomplished by the use of these struts, as the area required in the top 
chords or posts to resist their compressive stress is less owing to the shorter unsupported 
lengths. 

264. The Design of the Floor System.—The main objects to be sought after in the 
design of the floor system are strength and stiffness of the floor-beams and stringers and 
rigidity in their attachments to the floor-beams and to the trusses. As the floor-beam is 
usually utilized as a strut of the lateral system, it must be located as near as practicable to 
the chords, which also serve as chords for the lateral system, and further, the beams must be 
in such a position that the lateral rods may be put in below the cross ties and be in the plane, 
or nearly so, of the chords. 

To secure beams and stringers of sufficient strength it is only necessary to use sufficiently 
low unit stresses in proportioning them. The usual permissible stresses in practice fulfil this 
condition. To secure ample stiffness the deflection of the beams and stringers under load must 
be considered. In general, it may be said that the deflection of a beam varies directly as the stress 
per square inch on the flanges and inversely as the depth.* Hence, an increase in stiffness may 
be obtained by increasing the depth of the beams and stringers er by decreasing the permis- 
sible unit stresses on the flanges. Asa reduction of the allowed unit stresses would result in 
increasing the amount of material necessary in the beams and stringers, it is economy to 
obtain the required stiffness by increasing their depth. For the usual unit stresses the stringers 
should have a depth xot less than one twelfth of their length. Stringers having less depth 
than this would have a perceptible deflection which would tend to loosen the rivets attaching 
the stringer to the floor-beam.t The tendency at present is to the use of deep floor-beams and 
stringers. Stringers having a depth of one sixth to one tenth of their length are commonly 
used and are generally the most economical in material. 

To secure the greatest amount of rigidity in the floor system the stringers should be 
riveted between the floor-beams and the beams riveted toa stiff member of the truss. In 
order to obtain a simple detail for the floor-beam in such a case it is necessary that the post 


be vertical. This makes it necessary to use redundant members in a Warren truss, and has 


* See column 4 of tabular form, p. 132. 
+ In many of the old iron bridges now in use the stringers are too shallow and their end connections are con- 
tinually giving way due to the excessive deflection bringing a tensile stress on the rivets. This weakness of the 
riveted connection of the stringer to the beam is often cited as a fault of this kind of connection, but it is really duc to the 


fact that the stringer is too shallow. Shallow stringers sometimes fail by the splitting of the web plate at the ends, a 


failure which would only occur in the case of a faulty detail of the ends. 
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led to the adoption of the plate hanger (Fig. 3174) for the late designs of the Pegram truss. 
In the latter case the lateral connection is made as shown in Fig. 316 or 328. 

The plate hanger detail is one in which the floor-beam is riveted to a vertical plate which 
has a pin-hole in its upper end to receive the truss pin. The great advantage of this detail is 
that the load from the beam is applied centrally to each truss, thus insuring equal stress in the 
tie-rods. In some of the older bridges in which the floor-beams are riveted to the posts the 
inside rods of each truss receive a greater stress than the outer rods—a fact made evident by 
inspection after years of service. 

Figures 313, 314, 315, 316, 317, 318, 319, and 320 illustrate most of the many designs for 
the floor system now in common use. The designs shown in Figs. 313) 317; 318, and 1320rare 
to be preferred as they are cheaper, simpler in construction, and are for any but the most 
careful workmanship and best material much safer than the others. The bending of the 
flange angles of the floor-beam or of any girder should be avoided as expensive and dangerous. 
A sharp bend in an angle iron is made by cutting out a V-shaped piece, then bending the 
angle and afterwards welding the parts together. It is very doubtful whether a perfect weld 
can be made, and if it is not the value of the angle is destroyed. 

The floor system is subjected to severer stresses than the trusses, and the design should 

_always be such as will insure the maximum of safety. 

It is customary to use a system of lateral bracing between the top flanges of the 
stringers for panels the length of which is over twenty-five times the width of the stringer 
flange. The purpose of the bracing is to stiffen the stringer flanges, and it is usually made of 
angie iron with riveted connections to the stringers. 

265. The Attachment of the Lateral Systems.—Figs. 321, 322,323, 324,/and 325 
illustrate the usual detail for the connection of the top lateral rods of through bridges. Figs. 
326, 327, 328, 329, 330, and 331 show the usual details for the attachment of the lower lateral 
rods of through bridges. In all of these connections the connection is eccentric, i.e., the rods 
do not intersect on the centre line of the chord and they are so far imperfect, but they are 
illustrations of the various methods employed to so connect the rods as to produce as little 
eccentricity as possible. The details Figs. 330 and 331 were formerly used quite extensively, 
but are now seldom employed. In selecting the style of detail to use, the designer must be 
governed by the special conditions of the span he has in hand. The connection must be so 
made that the stress from the rod can be transferred to the chord avd to the lateral strut 
without overstressing any part. 

The lateral strut has been omitted from the sketches of top lateral connections, as the detail 
of its attachment depends on the form of the strut. The strut is usually riveted between the 
chords. From Figs. 313-320 a fair idea of the connection of the struts may be obtained. 

For short spans where the wind or lateral stress is comparatively small any of the designs 
shown will be satisfactory if care is taken to get the laterals as nearly in the plane of the 
chords as practicable. 

For long spans where the lateral stress is great it becomes necessary to design a detail 
which will avoid all eccentricity and the consequent overstressing of some member. No 
satisfactory detail for this case has yet been universally adopted. The detail shown in Fig. 
332 was used in some long truss spans recently built over the Ohio River and satisfies all the 
important conditions. The lower chord is built in two lines placed far enough apart to allow 
the floor-beam to be riveted between them, the line of the diagonal ties of the truss intersect. 
ing the centre line of the post at a point midway between the two lines of chords, The 
lateral rods also intersect at the same point. The chord components of the truss ties and the 
lateral rods are transferred to the chords by the hanger plate to which the floor-beam is 
riveted. This hanger plate is made stiff enough to resist the forces acting upon it. This 
detail was designed by Mr. H. G. Morse, President of the Edge Moor Bridge Works, 
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DETAILS OF CONSTRUCTION. 


Fic. 329 


tt 


287 


FIG. 332. 


288 MODERN FRAMED STRUCTURES. 


266. Portal and Sway Bracing.*—Considerable attention has been paid of late years to 
the design of efficient portal bracing. The fact that the connections for the portal are sub- 
jected to severe reverse stresees and that the stress in the end post is usually of considerable 
magnitude makes the problem very difficult and the necessity for correct designing very 
apparent. The connection with the end post should be such that it will withstand both 
tension and compression, and the end post should receive its stress centrally. Practically 
these conditions cannot readily be fulfilled, as it is probably impossible to make a central 
attachment to the end post. The usual plan is to rivet the portal strut between the end 
posts and rely on the rivets in the connection for the transfer of the stress. For the shorter 
spans this has proved by experience to be sufficient, but nevertheless there are parts which 
are stressed beyond what would ordinarily be allowed. For long spans the portal strut is 
now usually made a box girder with the webs in the planes of the top plates and of the 
under sides or tie plates of the two end posts. The connecting plates extend across the entire 
width of the end post in both planes. This avoids direct tension on rivets and is as nearly 
central as it is possible to make the joint. 

Skew portals increase the difficulties in the design, as they bring in a very serious 
question as to the manufacture. They are difficult to make fit, requiring very careful and 
accurate work, and, as in all similar cases requiring close work, the designer is necessarily 
limited in the style of his detail or connection. Skew bridges should always be designed with 
parallel end posts. 

The portal if necessarily shallow is composed of one strut the cross-section of which is 
similar to a plate or single-web lattice girder. If the depth of truss admits of it, a strut at the 
top of the end post and one as far down as the required headroom will allow, with diagonal 
rods or braces between, is used. Figs. 333, 334, and 335 illustrate the common forms used for 
portals and the stresses in the various parts. Fig. 335 would be a portal composed of one 
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The vertical reactions in all these cases are upward on the left post and downward on the right post, and in all cases equal to w(2t2). 
. . c 
strut with knee braces, and is the common form for short spans. The stresses + are given in 
the most convenient terms to use. : 
For through bridges in which the height of truss will admit of it intermediate sway brac- 
ing is put in between the posts at each panel. This sway bracing usually consists of a strut 


* See also pages 110, 159, and 320. 


+ To Mr. W. F. Gronau of Pittsburg, Pa., belongs the credit of having computed the stresses using the easily de- 
termined dimensions given in the formule. 
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connecting the two opposite posts of the two trusses, and diagonal rods in the plarie of and 
connecting the top strut and this sway strut. The rods are usually of the minimum size 
used, as their function is merely to prevent vibration. 

Where the height of truss will not permit of sway bracing like the above, knee braces, 
see Fig. 314, are often used. 

For deck bridges intermediate sway bracing, see Figs. 318-320, is put in at each panel. 
The rods in this case also need only be of the caralicnt size used unless it be a special case 
where extra stiffness is required. This would be in the case of a curve on the bridge or when 
the rods are unusually long. 

Sway bracing should be used at the ends of all deck spans of sufficient strength to 
transfer the wind force from the top lateral system to the shoe. This end bracing will be 
the most efficient if put in the plane of the end posts which carry the load to the shoe. 
These posts, having the largest sectional area, are always stressed and are consequently stiff. 

The present tendency seems to be toward the use of angle-iron diagonals with riveted 
connections for sway bracing instead of the adjustable rod with the pin connection. It adds 
very little if anything to the cost to use the angle iron or “stiff” bracing, as it is termed, 
instead of rods and adds very materially to the rigidity of the structure. 

267. Top Chord Joints.—The splices or joints of the top chord are made as shown in 
Figs. 336, 337, 338, 339, and 340, the most common ones being that shown by Fig. 336 for an 
intermediate top chord joint and that shown by Fig. 340 for the joint at the top of the 
inclined end post. For the intermediate joint the two chord sections are planed off to a true 
surface and the bearing of the sections on each other is relied on to transfer the stress. Side 
and top splice plates are riveted to each section to hold them in position. The field rivets in 
these splices must be so located that they will be accessible for driving after the chords posts 
and ties are in place. The splice is usually located on the side of the pin furthest from the 
centre of the span. The hip joint or that at the top of the end post (see Fig. 340) is made in 
a different manner; the two sections do not bear on each other, but an opening of from one 
quarter to three eighths of an inch is left between them, and the bearing plates on the pin for 
each section are made thick enough to transfer the stress. This style of joint is often used 
for those intermediate top chord joints in curved chord bridges where the two sections of 
chord make an angle with each other, instead of the joint shown in Fig. 3309. 

268. The Shoe.—The reason for the use of a shoe at the end of a span is to insure a 
uniform pressure on the rollers or to secure an evenly distributed pressure on the masonry. 
The usual limits for the bearing of the shoe on the masonry are from 200 to 300 pounds per 
square inch. In order that the pressure may be uniform on the rollers or the masonry it is 
necessary that the shoe be stiff enough to so distribute it. This requires that the ribs of the 
shoe, if they are made of the thickness required for the bearing of the end pin, must also be made 
deep enough to give the required stiffness. Very deep shoes are however to be avoided or 
else they must be given ample lateral stiffness, as the ribs of the shoe are relied on to transfer 
all the wind force from both the top and bottom lateral systems to the masonry. 

When two shoes rests on one pier it is always better to have them rest on one continuous 
bed-plate under both shoes. ‘This plate acts as a tie to bind the pier together and to prevent 
the friction of the shoes from cracking the masonry. 

269. The Packing of Joints.—The.members connecting on a pin should always be so 
arranged as to produce as small a bending moment as practicable, and they should always be 
arranged symmetrically. Ample clearances for inaccuracies such as are liable to occur in 
manufacture should be allowed. The pieces should be so placed that no cutting, or as little 
as possible, of the flanges of compression members is necessary for fits. Always keep in 
mind that the lateral rods must be located as nearly as possible in the plane of the chords. 
Eyebars should never be bent in order to pack nicely on the pins they connect, but it should 
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be an invariable rule to have them as nearly parallel to the plane of the truss as possible. 
Details which require accurate work or fitting in the field should be avoided, as the chances 
are that in the hurry to “swing” the span it will be neglected. Details should be used which 
will facilitate the work of erecting if at no sacrifice of strength. 

270. Camber.*—Bridges are so constructed that they will when loaded to their capacity 
take the form which was assumed in the calculation of the stresses. This is accomplished by 
curving the trusses upward, i.e., giving them a camber. This is done by increasing the length 
of the top chord, decreasing the length of the lower chord, and making the corresponding 
necessary changes in the length of the diagonals. Formerly the rule was to give all trusses a 
camber or raise the centre of the span one twelve-hundredth of the length of the span. This 
rule has now been very generally superseded by one which more nearly satisfies the theoretical 
conditions, and that is to make the top chord one eighth of an inch longer than the bottom 
chord for every ten feet in length of span. The old method would make the camber the 
same for all depths if the span length were constant, while the new recognizes almost per- 
fectly the fact that the deeper the truss the less the deflection under load will be and hence 
the less the camber should be. The following formule will be found to be serviceable in 
finding the camber when the increase in length of the top chord over the bottom chord is 
known, or to find the necessary increase in length of top chord when the camber is known. 


Let ¢c = camber in inches; 
2 = increase in length of top chord over the bottom chord in inches; 
h = height of truss in feet ; 
Z = length of span in feet. 


Then c= gy and i=—. 


In some bridge works it is customary to increase or diminish all truss members by the 
amount of their estimated distortion under their maximum loading. This gives a camber 
equal to the deflection as computed by the method given in Chapter XV. 

271. Sizes of Lattice Bars.—The following table gives the ordinary sizes of lattice bars 
used on compression members of railroad bridges. By the depth of the member is meant the 
size of the channels, rolled or compounded of plate and angles, which are used in the 
member. 


Lattice. fA Lattice. 


over 18 


* See also Chapter XV, p. 219. 


292 MODERN FRAMED STRUCTURES. 


CHAPTER=<XIX. 
THE PLATE GiRDER. 


THEORETICAL TREATMENT. 


272. The Moments and Shears in a plate girder at any section are found from the outer 
forces in the same manner as for a section of a truss, and as explained in Chapter II. The 
relations of moments and shears in a solid beam and also in an I beam or in a plate girder are 
explained in Chapter VIII. It is there shown that the vertical shearing stress in the web of a 
plate girder is nearly uniform throughout its depth, at any vertical section, and in the follow- 
ing analysis it will be assumed to be uniformly distributed. The bending moment comes 
from the shear acting with lever arms measured longitudinally along the girder. The 
resisting moment is developed first in the web and is transferred to the flanges through the 
rivets as the web distorts under the moment which is developed in it. The moment, there- 
fore, is primarly in the web, and the amount of bending moment which is resisted by the web 
is necessarily such a proportion of the bending moment at a given vertical section as the 
moment of resistance of the web is to the total moment of resistance of the girder at that 
section. Since the web and flanges distort together as a solid beam, there is no reason why 
the web should not be assumed to resist its due proportion of the bending moment. There 
can be no question but that it does actually perform this service. 


Let / = area of one flange section, not counting the included portion of the web; 
i = height of girder between centres of gravity of flanges 
¢ = thickness of plate in web; 

J = stress allowed per square inch in flanges, 


. 
b) 


Then the total moment of resistance of the girder is 
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Calling #2 = A = area of web, we have, as the moment of resistance of the web, 
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This shows that the influence of the web in resisting bending moment is fully provided 
for when one sixth of its area is added to each flange area, as indicated in equation (2). 

Where there is a vertical line of rivet-holes in the web plate the influence which these 
holes have in reducing the moment of resistance of the web must be taken into account. The 
assumption that the net moment of resistance of the web js equivalent toa flange area of one 
eighth of the gross area of the web plate is not far in error in any practical case. It must 
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also be borne in mind that the web has the same effect on both tension and compression 

flanges, and that it is mot correct to use one sixth of the gvoss area of web for the web 

equivalent in the compression flange and to use one sixth of the wef area of the web as the 

corresponding equivalent for the tension flange, as is sometimes done. The web resists a cer- 

tain amount of the bending moment, and the flanges must be proportioned for the remainder. 
Making this change in equation, (1) and (2), we have, for practice, 
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273. The Web of a plate girder, or of a floor-beam or stringer, is made of a Single 
plate if possible. In general, web plates are eee 
limited by the conditions of manufacture to a 
net weight of about 1600 pounds for standard 
prices. If more than one plate is required, it is 
customary to make up the web symmetrically as 
to the splices in it. 
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In light work, as for highways, a minimum 
thickness of one fourth inch may be used up toa 
width of 5 or 6 feet. Such plates are apt to be 
more or less buckled, however. For railway work 
a minimum thickness of three eighths of an inch 
should be used for all depths; this thickness to 
be increased if necessary to give sufficient bear- 
ing area on the rivets at the flanges. 

274. Plain Web Splices.—The web carries 
all the shear (or nearly all, and is assumed to carry 
all, see Art. 130) and its due proportion of the 
bending moment.* When it has to be spliced, 
the shearing and bending stresses at that section 
must be provided for by double splice plates ~ 
with a sufficient number of rivets. With a three- 
eighths web, five-sixteenths splice plates would be used. To find the proper number of rivets 
to use in such a splice, 


Let S = shear on the section; 
MW, = moment at the section ; 
F = area at one flange ; 
th = area of the web; 
Ff, = fibre stress per square inch in the flange at that section ; 
vy = resistance of one rivet ; 
2n = number of rivets on one side of splice ; 


Then we have, from eq. (2A), 
M, 


eas fg ee OT Dag? fae On gern 


* When ihe flanges are proportioned for carrying all the bending moment, the web-splice may be proportioned for 
carrying the shear only. 
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This is the flange stress at that section. Having this, we find the total moment carried by 
the web from the usual formula, 
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The splice must provide, therefore, for the shear S and the moment J/,. Since the 
shear is supposed to be uniformly distributed over the web (see Art. 272), the shearing 
stress on each rivet is 
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For resisting the bending moment on the web the rivets are not equally stressed. Since 
the bending stresses are zero at the neutral axis and increase uniformly to the maximum value 
Jf, at the extreme rivet, the moment stress in each rivet will be as its distance from the 
neutral axis. Its arm is also as this distance ; hence the moment of resistance of the rivets 
are as the squares of their distances from the neutral axis. 

If d,, d,, d,, etc., are the distances of the rivets from the neutral axis, then the moments 
of resistance of the several rivets will be ad,’, ad,’, ad,’, etc., on one side, and ad,’, ad,’, ad,’, 
etc., on the other. If the rivets on one side of the joint be taken in pairs, symmetrical about 
the neutral axis, the moments of resistance of the several pairs are 2ad,’, 2ad,’, 2ad,', etc., 
where a is the resistance of one rivet at a unit’s distance from the neutral axis. The sum 
of the moments of the several pairs of rivets must equal the total moment of resistance of the 
web at this section, as given by eq. (4). Therefore we have 
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Since @ is the rate of increase in the stress on the rivets out from the neutral axis, it is 
equal to the bending stress on the extreme rivet divided by its distance out, d,. The allow- 
able stress from cross-bending on this rivet is equal to V77* — 72 =~7,,, since the shearing 
stress, 7,. and the stress from bending, 7,,, act at right angles to each other and both combine 
to produce the allowable stress 7. We have, therefore, 
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But 2(d)' = (1? + 2? + 37+ etc.)(pitch)’, and the sum of the squares of the serial numbers 
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where = one half the number of rivets in a web splice on one side of the joint; 
M,, = the moment carried by the web, 


Soh’ ; 
3? where /, is given by eq. (3), 


d@,, = distance out from neutral axis to extreme rivet in splice ; 


%m = working resistance of extreme rivet to bending stress = V7? — 72, where 
SS 


ry = total resistance of rivet and 7, = shearing stress on rivet = —, 
2n 


Equation (11) would be solved by trial. The splice plate may have to be made so wide 
as to admit of two or more rows of rivets, when they should be staggered. 
From these three equations, 


‘= V7, + Tg 


‘Ss 
7 =—, 
2n 
(27-4 1)(2n 4-1) _ 347, 
n Pe ie 


we may find the three unknown quantities 7,, 7,,, and 2. 
After eliminating 7, and 7,,, we obtain 


(2-F mee Bi ape eee 2 


a, . . ° ° e e e e e 


This equation can best be solved by trial. 


EXAMPLE.—Design a splice joint for the web of a 50-foot plate girder railway bridge, 60 inches deep, 
the splice occurring 12} feet from the end. Let the flanges at this section contain 13.5 square inches each 
(=F) and the web 22.5 square inches. The live load bending moment here from a too-ton engine 
would be about 530,000 foot-pounds and from dead load 235,000 foot-pounds or a total moment of 9,180,000 
inch-pounds = 4%. The total live and dead load shear would be 53,500 lbs, = S. 

From eq. (3) we have, as the unit chord stress, 


M, 9,180,000 
(+ Fp (ss 3) 


= 9550 lbs. per square inch, 


From eq. (4) we have 


_ fit? 9550 X 22.5 x 60 
or TB. a 8 


= 1,612,000 inch-pounds. 


This is the total bending moment to be resisted by the web plate splice. 
From eq. (12) we have, for y = 4000 lIbs., S = 53,500, and d, = 24, 


1)(2a4+1 6 612, 
czas as Neg) ) ¥/64,000,00072, — 2,860,000,000 = Shee ees oo 
or 
M+ 1\(227+1 i ites 
Sopp a 4/2 — 45 = 403,000, 
or 
Ga) Ca); 52 
= a VE = 45 = 50, 
from which we find, by trial, 
n= 25. 


That is to say, if both the shear and the moment credited to the web plate at this section are to be trans- 
mitted through the rivets of the splice plates, with a maximum stress of 4000 lbs. on one rivet, it will require 
50 rivets on each side of the joint, or 100 rivets all told, in this splice plate. This would require three rows 
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of 4-in. rivets each side of the splice, 16 rivets in the two outside rows and 17 rivets in the middle row, all 
with 3-inch pitch. 

It is evident at once that such a splice is heavy and expensive, and that some other means should be 
sought for transmitting the bending stresses across the joint. The rivets near the neutral axis are of no 
appreciable assistance for this purpose. 

Such a splice as that shown in Fig. 341 is therefore wholly incompetent to transmit the web bending 
stresses. In such a case these stresses pass through both the splice plate and the flange, thus producing 
very much larger rivet and flange stresses than they were designed to carry. When such splices as shown 
in this figure are used the flanges should be designed for carrying all the bending moment. 


275. An Efficient Web Splice.—If the rivets in the flange angles are already stressed 
up to their working limits to transmit the flange stress, the bending stress in the web should 
be carried directly across the joint through splice plates and into the web again on the other 
side, without going through the flange angles, plates, or rivets. These direct stresses (com- 
pression at top and tension at bottom) are most efficiently transmitted through long splice- 
plates placed just inside the angles, as shown at AB and A’B’ in Fig. 342. Let the distance 


between centres of these plates be d,,. Then we have, as the total stress transmitted through 
one pair of plates, 


Stress in splice plates AB = ae Ree ery cre eee hie 
and also 
apie My 
Number of rivets in one end of splice AB = eee a es ct ce (14) 


From these two equations the net areas of the plates and the numbers of rivets required to 
transmit the bending stresses are found. 


SOOT 
CLV) 
Z 


iy 
Ay 
A 


g 
Z 
H 
q 
H 
; 

R 
H 
R 
H 
H 
H 
: 
Zz 


GY) 
WY 
Z% 
eileen 2 
SKKKKEKKKKRs 


Thus with the previous example we have from eq. (4), 


Mw = 1,612,000 inch-pounds, 


v = 4000 lbs. per rivet. 
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{f the vertical leg of the flange angle be 4 inches, and the splice plates AB be 8 inches wide, the distance 
between centres, d,,, will be 60 — 16 = 44 inches. The stress in the plate will be, therefore, 37,000 lbs., re- 
quiring 9 rivets on each end of each pair of plates, as shown in Fig. 342. 

53,500 
4000 

This joint has now 62 rivets in place of 100 required for a uniform plate and rivet distribution as 

computed in the previous article. 


The shear will be carried by the splice plate CD with = 13 rivets on each side. 


The splice plates AB should not extend over the vertical legs of the angles, since this 
would give double duty to the rivets in the angle. With a web spliced as here designed there 
is no objection to designing the girder flanges on the common assumption that one eighth of 
the area of the web is added to each flange area to resist bending moment. 

276. Distribution of Concentrated Loads Over the Web.—Since the flange stresses 
are first developed in the web from the shear, any external force, whether coming on the top 
of the girder as a load, or on the bottom as the end support, must be distributed through the 
web by means of vertical stiffeners, which are usually angle irons. The number of rivets in 
these is equal to the total external load divided by the resistance of one rivet. These 


Oo OOOO 10 


! 
am JES 


stiffeners should extend over the vertical legs of the flange angles and abut against the 
inside surfaces of the outer legs of these angles, being either bent over the vertical leg or 
supported by a filler-plate of the same thickness as the flange angle. 

277. Web Stiffeners.—To assist the web plate to resist the compressive stresses acting 
at 45° with the axis of the girder, as explained in Art. 130, and to insure against the buckling 
of the web under this stress, angle irons are riveted to the web, usually in a vertical position. 
They would be much more efficient if put in an inclined position, extending outward and 
downwards towards the abutment. The vertical stiffeners are sufficient to do the work if 
placed somewhat less than the depth of the girder apart. If placed farther apart than this 
they do very little good, since the buckling tendency can have a free development between 
the adjacent stiffeners. It is not possible’to rationally design these stiffeners. The equal ten- 
sile stresses at right angles to the compressive stresses in the web tend to prevent the buck- 
ling and cause it to develop in short curves, if it occurs at all. Almost any angles, however 
light, placed as here described (shown in dotted lines in Fig. 343), will serve to prevent buck- 
ling in a 8-inch web of the ordinary depths. No column formula can be made to apply to the 
web of a plate girder. . 

278. Flange Areas,—If the web is designed to carry its due proportion of the bending 
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moment, as given by eq. (4), then the remainder only is to be carried by the flanges. Thus 
from ea, (3) we obtain, as the moment carried by the flange, 


th? 
M, = f,Fh = M, 7. RP a esha si IS 
The flange area is, therefore, 
M, 
mre eee cei es (08) 


This area is made up of two angles and one or more cover plates. The area of the web 
included between the angles is considered a part of the web and not a part of the flange. 
The rivet-holes are to be deducted from the total area of the tension flange. Unequal-legged 
angles are commonly used so as to throw the centre of gravity of the angles as high as possible 
and also to make the flange wide, and therefore rigid against lateral deflection or buckling. 

279. Distribution of Rivets in the Flanges.—The pitch of the rivets in the flange 
angles and web plate is usually determined by computing total flange stress at intervals along 
the beam and dividing the stress increments in the flanges by the resistance of one rivet. 
The rivets being in double shear and the web plate thin, this resistance is always determined 
by the bearing area on the web plate. A better solution is as follows, by which the proper 
pitch to give to these rivets at any section is at once found. 

Let Fig. 344 represent any portion of a plate girder, the 
shear on the section through AB being S. Taking moments 
about D, and assuming for the present that all the moment 
is resisted by the flanges, we have 


Spi 7 enn p=. it a (17) 


where S = shear on the section ; 
pf = pitch of rivets in flange angles ; 
| vy = resistance of one rivet; 


AEDS! ' # = distance between rivet lines in top and bottom 
Seas es flanges. 
Ss If the flanges are designed to carry all the bending mo- 
FIG, 344. 


ment, this equation would give the pitch of the rivets at 
any section. From eq. (2), however, we see that one eighth of the area of the web is equally 
effective with that of the flange in resisting the moment. Therefore the portion of the 
moment developed at this section arising between rivets, which is equal to S, is only partly 
resisted by the flange rivet. The portion going to the flange is always equal to 


AMF 
AM, i A — — = rh, ° ° ° e e e e e . (18) 
TA ae ae 
and therefore 
s/s eer | ; 
P = PF ° Se ° @ e ® @ @ e e e e i. « J ( 9) 


where F = area of one flange; 
A = area of web, 
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PRACTICAL DESIGNING. 


280. The Detail Design of a Deck Plate-girder Span.—Let the span be assumed 
to be 47 feet 6 inches in the clear. The distance from the base of rail to masonry to be 
made to suit the girders as designed. The live load, or capacity, to be Cooper’s “Class 
Extra Heavy A” loading. (A table of the bending moments and shears for this load is given 
on page 329). The floor is assumed to weigh 400 lbs. per linear foot of track. The allowed 
stress per square inch on the net area of lower flanges to be 15,000 lbs. for the dead load 
stress and 7500 lbs. for the live load stress. The allowed shearing stress on rivets to be 
6000 lbs. per square inch and the allowed bearing pressure of rivets on the web plate to be 
12,000 lbs. per square inch. The top flanges to be of the same gross area as the bottom 
flange, and at least one-half the area of the flanges to be in the angles. The pressure on the 
masonry to be limited to 250 lbs. per square inch. 

Assuming a length of fifty feet centre to centre of end bearings, and that the iron weight 
is given by the formula 9 X 7+ I10, we get an end reaction or total pressure on the masonry 
of (9 X 50-+ 110+ 400)5° = 12,000 lbs. for the dead load. From the table we find the live 
load end reaction to be 66,500 lbs., making a grand total of 78,500 lbs. At 250 lbs. per square 
inch this requires 314 square inches of bearing, requiring a bed-plate 18 inches square. These 
bed-plates when placed on the masonry within 6 inches of the face of the masonry under the 
coping will be 50 feet centre to centre, and the over-all length of the girder will be 51 feet 
6 inches. Our assumption of 50 feet centre to centre of end bearings is therefore correct. 
The weight of iron will be changed slightly, as 7 in the formula is the length over all and we 
have used it as the centre to centre length for convenience in the preliminary calculation of 
the end shear. The correct end shear will be as follows: 


From dead load (9 X 51.5 + 110+ 400)5° = 12,200 lbs. 
see elives= << =Fr00s500N' 


281. The Economical Depth of a plate girder may be closely approximated by the 


following formule ; 
ist. Lf the moment of resistance of the web is neglected. 


Let m = centre moment in inch-pounds from dead and live toads ; 
x = depth of girder in inches ; 
y = weight of girder in pounds ; 
f = allowable fibre stress = 7200 lbs. per square inch on gross area; 
z= thickness of web = $ inch; 
Z= length of girder in feet. 


Then, as the weight of the flanges when the flange plates are cut off at the theoretical points 
may be assumed as eight tenths of their weight in case they were the same area end to end of 


girder, we have 


TOPs. m 10 
ee On 
3 af 3 
and ’. 

a 10 Tiree! 

wae See, L6—.-—/.>==0, 

2a 23 oy 4 

SS es nas 
* The term Gna 1° Zwould be 2. est ey) if the flanges were of constant area end to end, 
af 3 af 
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eaten /%; 
Ss Ve 


which would give for the girder assumed 79 inches as the economical depth. 

2d. Lf the moment of resistance of the web ts not neglected. 

Using the same notation as before, and also assuming that the ze¢ moment of resistance 
of the web results in an allowable reduction of each flange area by an amount equal to one 
eughth of the gross area of the web, we have 


whence 


IO m 10 D Ke) 
= = =D =. 
J a ee Oa 3 Us 3 tz 3 
6 IO m 1 
De ae aes - 4, 
and 
LINES Sed WU AL AUIS) AA 
erg es: ees ace 
or 
3 m 
= — 10-3, 
4 Se 
and 
6.4m m 
= ES ESCA 08 
x 3 ft 1.4 Fi’ 


which would give 92 inches as the economical depth. 

The quantities which may vary with the depth and are neglected in the above formy.ze 
are the weights of stiffeners, sway bracing between girders, and the web splice plates. These 
would have little effect if the stiffeners were of a constant size and placed a constant propor- 
tion of the depth apart. Whatever effect these neglected quantities would have would tend 
to reduce the depth. 


282. Working Rule for. Economic Depth.—A very convenient rule for determining approximately the © 


economical depth of girder in the case when the moment of resistance of the web is neglected is to 
select the depth at which the area of the web plate is equal to the combined area of the two flanges if the 
flanges are of constant area end to end, or eight tenths of the combined area of the two flanges at the centre 
of the girder if flange plates are used and stopped off at the theoretical lengths, If the web is taken into 
account at its full value in resisting the bending moment, select the depth at which ¢hree guarters of thearea 
of the web plate is equal to the combined area of the two flanges, if the flanges are of constant area end to 
end of girder, or eight tenths of the combined area of the two flanges if flange plates are used and stopped 
off at the theoretical lengths, In the latter case the area of the flanges zucludes the web equivalent, or is 
equal to the bending moment divided by the product of the depth and unit stress. 


283. Determination of the Flange Areas.—For the span under consideration the dead 


974 X 50° 
16 


load centre moment for ove girder is = 152,200 ft.-lbs., and the live load centre 


10 Omen 
* The term 1 oar iat 7 would be 2. = ‘ me if the flanges were of constant area end to end. 
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moment taken from the table is 744,400 ft.-lbs. As the usual practice is to neglect the effect 
of the web in resisting the bending moment, and as shown previously in this chapter it being 
very difficult to make a web splice which will effectively resist bending, the influence of the 
web will be neglected in the design of this girder. The formule for economical depth 
give 79 inches, but in order to make allowance for the possible errors in the assumptions 6 feet 
will be taken for the depth. Assuming the depth centre to centre of gravity of the flanges as 
71 inches, we get 25,700 lbs. as the dead load flange stress and 125,800 lbs. as the live load 
flange stress. The required net area of the bottom flange is then found as follows: 


25, 7003-11 5;,000 =" 7-7). 
125,800 + 7,500 = Ge. = 18.5 square inches. 


The flange will be made of 


Two 6” Xx 4” X 3,” angles = 9.5 square inches net area; 
oo i4="S" pilates = g.O square inches net area. 


The centre of gravity of this flange section is .33 inch from the backs of the angles, making the depth 
centre to centre of gravity of the flanges 71.34 inches. This is near enough to the assumed depth to require 
no change in the flange area. 


The rivets are seven eighths of an inch in diameter, and the net area is found by deducting 
one hole one inch in diameter from each angle and two holes from each plate, it being assumed 
that the rivets are staggered in the angles. 

284. The Lengths of Flange Plates are usually determined as follows: 

The curve of maximum bending moments is assumed to be a parabola as shown in Fig, 
345, an assumption which is in error about three per cent in maximum actual effect, and the 
curve plotted with a middle ordinate representing the maximum bending moment. 


14"x "PL, 
Rg = 4.5 x 8190 x 73}4=2695000 


14"x "PL. 
Ro= 4.5 x 8190 x 723¢.=2668500 
A 


M=410759200-- 


a 


2-6"x 4"'x ae 


Ry = 9.5 x 8190 x 70=5446000 


The corresponding moments of resistance of the plates and angles (R,, R,, and R,) are 
then laid off on the figure to the same scale, and the lengths of the plates determined by the 
intersection of the limiting lines A and B with the curve. Or an easy way of determining 


~ 
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these lengths, assuming the curve to be a parabola and also that the areas of all the members 
are at the centre of gravity of the flange as a whole, is as follows, and is based on the law of 
the parabola: 


Let A = total flange area; 
%1 % ++. @, = areas of the plates, the subscript denoting the number of the plate from 
the outside; 
#,...%, = length of the plate; 
Z= length of girder centre to centre bearings. 


Then 


= y [BEE Be, 


EXAMPLE.—In the above girder the length of the first flange plate would be 


sof 45 = 24.66 ft., 


and the length of the second flange plate would be 
.O 
sof 22. = 34.88 ft., 


Whichever of the above methods is used, it is customary to add two feet to the theoretical 
‘length of the plate which lies next to the angles, and one foot to all others, in order to get 
some rivets beyond the point where the plate is necessary. 

285. The Thickness of the Web and Size of Flange Angles.—It is customary in 
railroad work to make the least allowable thickness of web three eighths of an inch, and to 
limit the vertical shearing stress on the vertical section of the web plate to 5000 Ibs. per 
Square inch. Thus in the girder assumed the maximum shear is 78,700 Ibs., and the area of 
a web plate three eighths of an inch thick is 27.0 square inches, giving a shearing stress of 
2900 Ibs. per square inch. A web plate three eighths of an inch thick will, therefore, satisfy 
this requirement. There, is, however, another question involved, and that is that there must 
be enough bearing area provided for the rivets through the flange angles and web plate to 
enable them to transfer the flange stress to the flanges without exceeding the allowed pressure 
per square inch or spacing the rivets less than the minimum limit of three diameters centre to 
centre. In the girder in question the maximum shear js 78,700 lbs., and from eq. (17) the 
rivet spacing is 


where p = distance centre to centre of rivets; r = the bearing value of one rivet on the 
web plate, in this case 3940 lbs. (= 12,000 x | X 8); 4=the distance from the rivet lines 
in bottom flange angles to the rivet lines in top flange angles, which in the girder under 


consideration equals 68 inches; and.S = the shear. Introducing the proper values into the 
formula, 


__ 3940 X 68 


P= "78,700 


=A ine 
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If # had been less than 23 inches, or three times %, it would have been necessary to thicken the web 
plate, or use flange angles in which two rows of rivets could be used as shown in Fig. 346. 
Thus, suppose the shear had been, for the case under consideration, 130,000 lbs. This would still have 


been within the limits‘of the allowed shearing stress on the web plate, but the pitch of the rivets for a three- 
eighths plate would be 


68 
play ==/2,00)1Ns. 
130,000 


2 


which is less than is allowable. To find the thickness of web required for flange angles in which only one 


Fic. 346. 


Ee forz. The value of 7 would be 


PS 
line of rivets can be used, we must solve the general formula = 


Introducing the proper values, using 2% as the value of Z, we get 


r= a = 5019 = 12,000 X $ x 4, and ¢= .478 in. or Fin, 


If we used 6” x 6” angles in which two rows of rivets could be put through each of the flange angles, 
we would get, bearing in mind that % for this case is 65.5 in., 


7880 X 65.5 z 
= ——_— = 3.97 in. 
130,000 
The use of the larger angles would save some material, but would increase the cost of manufacture 
owing to the increased number of rivets to be driven. 


286. The Riveting of Plate Girders.—It is necessary in designing girders to provide 
sufficient rivets for the transfer of the external loads or forces to the web plate, and to so 
rivet the flanges to the web and the various sections of the web to each other that the rivets 
in no case will be subjected to excessive stresses. When the flange plates and angles are over 
50 ft. long, which is about the limiting lengths of material now obtainable at standard prices, 
it also becomes necessary to splice them and the number of rivets required must also be 
determined for this case. ; 

287. The Transfer of Concentrated External Loads or Forces to the Web.—The 
usual method of transferring an external load to the web is to rivet distributing angles, which 
fit tight against the flange angles at the point of application of the load, to the web, using 
enough rivets to resist the load without exceeding the limiting values of shear or bearing. In 
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the case of the ordinary wheel load of a locomotive it is considered to be distributed over a 
length of flange of about 3 ft. by the rails, and no provision need necessarily be made for such 
a case further than using sufficient rivets through the flange angles to transfer it directly to 
the web without distributing angles. In the usual case of a deck plate girder the only con- 


centrated load which need be considered worthy of distributing angles are the abutment 


reactions for which distributing angles are necessary. The usual method is as shown in Fig. 
346, in which a pair of angles is riveted to the web over each end of the bed-plates. These 
angles should have a tight fit against the horizontal legs of the /ower flange angles. The 
number of rivets required for the end shear in the girder here considered would be 78,700 + 
3940 = 20. It is customary to divide this number equally between the two pairs of angles, 
but, owing to the deflection of the girder bringing the greater load on the inside pair, 
it is better to provide more than this in the inner pair, putting, however, at least one half of 
the total number required in the outside pair or those at the extreme end of the girder. The 
size of these angles need not be greater than is required to insure no greater bearing 
pressure between them and the flange angles than 12,000 Ibs. per square inch. The usual 
practice is to make the outstanding leg about 1 inch less than the horizontal leg of the flange 
angles and the leg against the web 3 or 34 in., and the minimum thickness $ in.; the bearing 
requirement determining the thickness. 

288. The Transfer of the Flange Stresses to the Flanges.—There are two cases to 
be considered, as follows: rst. When the web plate is assumed‘to have no moment of resist- 
ance and to transfer shear only; 2d. The correct assumption where the web is considered at 
its actual value in resisting both moments and shears. 

ist. The Transfer of the Flange Stresses to the Flanges, neglecting the Moment of Resist- 


h ; 
ance of the Web Plate.—From Art. 279 we get the’formula p= © when p~ = pitch or 


the horizontal distance centre to centre of rivets through the flange ; 7, the value of the rivet 
in double shear or bearing value on the web plate at the limiting allowed stresses; 4, the 
distance from the line of rivets through the web in the top flange angles to the line of rivets 
through the bottom flange angles; and S, the vertical shear at any point in the girder. A 
brief explanation of the formula will be given. The increment of flange stress or the amount 
of flange stress which must be transferred to the flange by one rivet at any point in the girder 
is dependent on the shear at that point and the horizontal distance centre to centre of rivets. 


The shear acting with a lever arm f# produces an increment of bending moment which must 


be resisted by a moment equal to it and equal to the increment of flange stress acting with a 
lever arm of Z. This increment of flange stress is transferred from the web to the flange by 
the rivet, and therefore the stress on the rivet must be equal to this increment. We may 
then write 


of = 7/1, or i 


Now as the total shear practically increases uniformly from the centre to the end of the 
girder, we can easily find the spacing required at any point. By finding the spacing required 
at the end, at one or two intermediate points, and at the centre, we can readily sketch in a 
curve as shown in Fig. 347, from which the required spacing at any point may be found 
graphically. For the girder we have under consideration the spacing required at the end is 


_ 3940 X 68 
Aes 78,700 


= aes 


the spacing required at the quarter point is 
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3940 X 68 i 
48,600 _ = 5.5 Ins., 
and the spacing required at the centre is 
__ 3940 X 68 , 
= T3600 = 14-4 ins. 


Plotting these results and sketching a curve, as in Fig. 347, we are able to find the spac- 
ing required at intermediate points. The usual spacing is in even inches or half inches, and 


Fic. 347. 


the maximum allowable space is 6 ins. for practical reasons. From the diagram it is easy to 
determine the points where the spacing may be changed without exceeding the allowed stress 
on the rivets. 

2d. The Transfer of the Flange Stresses to the Flanges using the Web Plate at its True 
Value.—The difference between this case and the one just considered is that in the former 
case the euztire bending moment is assumed to be resisted by stresses in the flanges alone, and 
therefore requiring rivets enough to transfer this stress from web to flange, while in the 
present case only such an amount of stress is transferred as actually goes to the flanges. The 
amount of bending moment resisted by the web is such a proportion of the total bending 
moment at any given section as the moment of resistance of the web is to the total moment 
of resistance of the girder at that section, and hence the amount of stress to be transferred to 
the flanges is less than in the former case by the amount of flange-stress equivalent that the 
web takes. It has been shown in Art. 272 that 


th’ 


= Fn fF = (F493 )fs 


A 
= equivalent flange stress = (r+ Se 


ik OS 


Of this total equivalent flange stress the part Ff only is actually transferred to the flanges 


A 
P+ e 
by the rivets; hence the rivet spaces in this case would be eae p, where # is the pitch, 


or distance from centre to centre, of rivets determined by neglecting the effect of the web 
plate. When there is a series of flange plates stopped off at the theoretical points, a section 
of the girder near the end of a plate would show a larger flange area than was really effective, 
and the corresponding rivet spacing would be less than is actually required. This would be 
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an error on the side of safety. The correct way to determine the rivets tor this case 


A : : f 
would be to assume for #+ g the theoretical flange area required at the section, and for F 


A 
the difference between this theoretical area and "g° 


289. The Combination of the Vertical Stress on the rivets from the external loads © 
and the horizontal stress from the bending moment will now be considered. The maximum 
wheel load is 15,000 lbs., and this is assumed to be uniformly distributed by the rail over the 
space occupied by three cross-ties which is about 42 inches. Then the vertical stress on 


15,000 : 
6 -. Pp = 357/, approximately. 


each rivet would be 


: Se 
The horizontal stress would be as found before, 7 = a and the resuitant stress from 


these two would be 
Y. 2 


Senn EAS ; Te eo 
= vf 657 py+ ee » from which p= “yf 127,400-+($) | 


In the case of the girder under consideration 7, = 3940 and k = 68, so that the formula re 
duces to 


{15,523,600 
p= / eae 
127,400'-|- \-e 
For sections taken five feet apart we have 


S —-1715;700, Dp = 13125. spacing at end; 
S'== 66,700, D=275, spacing 5 ft. from end; 


S-= 54000; D=As. spacing Io ft. from end; 
S == 42,700, PD =15-5; spacing 15 ft. from end; 
Si==_ 30) 700; i 0.0; spacing 20 ft. from end; 


S$ = 18,600, Dos, spacing 25 ft. from end. 


_In the above the live load shear is assumed to increase uniformly from centre to end 
which is a small error on the side of safety. When the stiffener angles are spaced greater die 
tances apart than three feet, the rivet spacing should be determined by this method. By the 
correct method of determining rivet spacing, or that method which includes the web in the 


2 Zi = : 
: s ates ss 
calculations, the term (5) which appears in the denominator would be jpeg h 
8 


In the fifty-foot girder the spacing of the rivets through the top flange angles and web 
plate would be three inches until six-inch spaces are sufficient, and then six inches the 
remainder of the distance. In the bottom flange the same rule would be followed, but in this 
case it will be noted that the six-inch spaces will begin nearer the end of the eiiee The 
point when six-inch spaces are sufficient in the lower flange would be determined by Fi 
and where they may begin in the top flange by Fig. 348. eee! 
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This spacing is taken because it will enable us to put the rivets in the bottom flange 
angles on the same vertical lines as those in the top flange angles, and thus simplifies the 
manufacture, at the same time giving us a larger margin of safety in the top rivets, and also 
avoids unnecessary punching and weakening of the lower flanges. The number of rivets will 
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be about the same as if we had used the spacing indicated by Fig. 348 for both flanges, which 
is the practical alternative. The rivets through the flange plates and angles are always stag- 
gered as much as possible with those through the web and flange angles. The pitch is made 
six inches everywhere except near the ends of the plates, where a few spaces of three inches 
are used. 

290. Rivets in Web Splices.—When the web plate is not calculated as resisting any of 
the bending moment, the web need be spliced for vertical shear only. Any assumption which 
may be made does not relieve the web of its true stress from the bending moment, so that it 
is only at the web splices that the flanges are subject to the stress that this assumption indi- 
cates. At this point the excess of material which is put in the flanges by. this method acts as 
a web splice, transferring the part of the bending moment which the web plate does resist 
across the spliced section of the web plate. The ordinary web plate splices consist of a pair 
of plates 35, to 3 of an inch thick fora 8-inch web with a single vertical line of rivets on each 
side of the joint. The rivets in these plates are figured to transfer the maximum shear at this 
point without exceeding the allowed shearing stress per square inch on rivets or the allowed 
bearing stress per square inch on the web plate. In the fifty-foot girder the web is spliced 
about 8 feet 4 inches from the centre, where the shear is 39,000 lbs. The bearing value 
of one rivet being the limiting value and equal to 3940 lbs., ten rivets on each side of the 
splice are required. In order not to exceed six-inch pitch, eleven rivets on each side would 
be used. 

An example of the proper method of splicing webs when the web is taken into considera- 
tion in determining the flange areas is given in Art. 275. 

291. Rivets in Flange Splices.—It-is customary, and also economical, when the flange 
section must be spliced, to splice only one piece at a time. For example, suppose the plates 
and angles in the flanges of the fifty-foot girder were longer than they could be rolled, the 
splice would be made as shown in Fig. 349. The flange plates are cut on the lines BB andCC 
respectively, and one flange angle is cut at AA and the other at EE. The rivets through the 
splice angles and plate between FF and AA, AA and BB, BB and CC, CC and EE, and EE 
and GG must in each case equal in value the largest piece cut, which in this case is one angle. 
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The value of this angle is 4.75 x 8200 = 39,000 lbs., which requires eleven § rivets in single 


shear. The value of one { rivet is 3660 lbs. (= 6000 X .61). The sketch shows at least 
twelve rivets in each case in single shear. The net area of the splice plate or of the two 
splice angles should be equal to the net area of the largest piece cut. Two splicing 


angles and one plate are generally used. Owing to the three eighths limit of thickness 
generally specified, there may be used in this case two 5 X 34 X $ angles and one 14 X % 
plate. 

It is better to use six-inch pitch for rivets in the tension flange splice in order that the 
staggering of the rivets may be as effective as possible. In the compression flange the pitch 
may be made as small as three diameters of the rivet. 

292. Stiffeners.—No rational method has yet been discovered by which stiffeners, or the 
angles which are riveted to the web to prevent its buckling under stress, can be proportioned. 
It is believed, however, that if they are spaced at distances apart a little less than the depth 
of the web plate, and made to consist of a pair of angles the outstanding legs of which are 
one thirtieth of the depth of the web plate, an excessive provision has been made. The 
stiffeners under this rule would be spaced close enough to resist the tendency to buckle on a 
line making forty-five degrees with the vertical, and the combined width of the outstanding 
legs would make a column fifteen diameters long. This is below the limit at which practical 
tests have shown that columns begin to fail by flexure. This rule would also agree closely 
with present practice. The thickness of the angles should not be less than five sixteenths of 
an inch. 


Cooper’s specifications require that stiffeners must be used at distances apart about equal to the depth 


of the web when the vertical shearing stress per square inch on the web plate exceeds the allowed stress 


12,000 ; 
FF where s = allowed stress and H is the ratio of the depth 


I+ 


found from the following formula: s = 


3000 
of the web plate to its thickness, or re where % is the depth of the web plate and the thickness of the 


web. 
Another very general specification is that stiffeners must be used whenever the vertical shearing stress 


per square inch on the web plate exceeds that given by the formula s = ee where s = the allowed 


iT ———— 
30002? 


stress, 7= depth of web plate or distance centre to centre of stiffeners, and ¢= the thickness of the web 
From this formula the distance centre to centre of stiffeners is found. In the standard specifications of the 
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Pennsylvania Lines another good method is specified. It is that stiffeners must be used whenever the 
thickness of the web plate is less than one fiftieth of the clear distance between the vertical legs of the flange 
angles. They must be spaced at distances apart at the ends of the span not greater than one half the depth 
of the web plate, and may be gradually placed further apart until at the middle of the span they are not 
greater than the depth of the web plate centre to centre. 


It is not customary to specify the sizes to be used, except to give a minimum size or in the general 
clause which limits the sizes of material to be used in any part of the structure. 


293. Lateral: Bracing.—The lateral bracing of a plate girder bridge is now usually made 
of angles with riveted connections. It is sufficient to use only one system of bracing, and that 
in the plane of the loaded chord. The wind pressure on the bridge is taken at 30 lbs. per square 
foot of the bridge as seen in elevation, and this is combined with a moving load of 300 lbs. 
per linear foot of track. The stresses for this bracing used in the fifty-foot span are given on 
the general drawing of the completed design shown on page 312, and are calculated by the 
methods explained in Part I. The bracing in the horizontal plane is proportioned for com- 


i 
pression only by the formula 13,500 — 6o-, which allows fifty per cent greater stresses than 


8000 
Lies 
bo 80007” 


that allowed by the usual “ straight-line” formula substitute for Gordon’s formula, 


It is the usual practice to increase the allowed stresses in wind bracing fifty per cent over 
those allowed in the main trusses. 

294. The Frames at the ends of the span must be proportioned to resist the wind 
stresses, assuming a// the forces to come to the end through the top bracing. Intermediate 
frames should be used at distances apart not over sixteen times the width of flange. This 
rule agrees with the general practice. 

295. Bed-plates should always be made thick enough to insure uniform pressure over 
the masonry. They are made # of an inch thick for the fifty-foot span under consideration, 
which will be sufficient as the pressure of the girder on the bed-plates is distributed over an 
area of 18” X 123”, leaving less than 3 inches projection unsupported. 

296. There are Sole Plates, generally of the same thickness as the bed-plates, riveted 
to the bottom flanges of the girders, and at the expansion ends the surfaces of contact between 
bed and sole plates are planed to insure a minimum amount of friction. 

297. Expansion and Contraction in a plate girder bridge af a span less than 75 feet is 
usually provided for by allowing one end to move on the planed surfaces between the sole 
and bed plates mentioned in the previous article, the other end being fixed. For lengths 
over 75 feet, rollers not less than two inches in diameter are put between the bed and sole 
plates at the expansion end. When any bridge rests on rollers, it is important that the press- 
ure should be distributed as uniformly as possible over the rollers. The present practice of 
merely putting the rollers between the sole and bed plates without any attempt being made 
to make the pressure equal on the rollers is not correct, as has been explained in Chapter 
XVIII. 

298. Anchor Bolts, usually one inch in diameter for all plate-girder spans, are put 
through the bed and sole plates and run about six inches into the masonry. They are either 
“rao” or “wedge” bolts, and after being put in place the hole in the stone-work is packed 
with cement or sulphur.* Slotted holes for these bolts are made in the so/e-plate only, at the 
expansion end, to allow for the movement of the girder on the bed-plate. There are usually 
two of these bolts through each bed or sole plate, or eight to each complete single track span. 

299. The Width centre to centre of the girders of deck plate-girder spans varies from 
5 feet to 10 or 12 feet on straight track. Cooper specifies a minimum width of 6 feet 6 inches 
on straight track and that the girders in no case shall be less than 3 feet 3 inches from the 


——— 


* See Fig. 292. 
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centre of the track. A good rule to follow is to space the girders as. far apart as the depth 
of the girder on straight track and increase this distance by the middle ordinate of the curve 
on the bridge for curves, with a minimum distance of 3 feet 3 inches from centre of track to 
the nearer girder for all cases. 

300. The Complete Design of the girder which has been referred to all through this 
discussion is given on page 312. 

301. The Design of Through Plate Girder Spans.—lIf the cross-ties are supported 
on the inside bottom flange angles or on a shelf angle as shown in Fig. 268, Chapter XVI, 
the girders are dimensioned in the same manner as for a deck span. If shelf angles are used, 
they should be not less than 4 inches by 3 inches, and & thick, with the 4-inch leg horizontal. 
It is better to use distributing angles under the shelf angle about 3 feet apart, to transfer the 
load to the web, than to depend on the rivets attaching the shelf to the web, owing to the 
necessarily eccentric loading of the shelf angles producing a bending moment which would 
bring a tensile stress on the rivets. The rivets in the flanges for this case would be spaced by 
the diagram Fig. 347, as there are no external loads acting on the flanges to be transferred 
to the web. If the cross-ties are supported on the inside bottom flange angles, these angles 
should not be less than $ of an inch thick and the rivets through the web and these angles 
should be spaced the minimum allowable pitch, as there is necessarily a tensile stress on them 
from the eccentric application of the bearing of the cross-ties on the angles. The rivets 
through the top flange may be spaced by the diagram Fig. 347. It must be noted that there 
is no necessity for increasing the area of the lower flange, except when necessary in order 
to reach the minimum allowed limit of thickness for the inside angles of 3 of an inch, as the 
stresses are increased a very small amount. 

If an iron floor system of floor-beams and stringers is used, the live load and the weight 
of the floor and floor system are concentrated at the points of attachment of the floor-beams 
or panel points, and are no longer distributed over the length of the girder as in the case of 
the deck bridge. The panel lengths used range from 8 to 15 feet, varying with the length of 
the girder, but are usually about 10 feet. In Fig. 350 is shown a longitudinal sectional view 
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on the centre line of a through plate-girder span with an iron floor system. The bending 
moment and shears are found at the critical points A, B, and C, and the flanges dimensioned 
as illustrated for the deck span. The bending moment varies uniformly from 4 to B, and 


from & to C, and is nearly uniform from C to the centre. The shear is constant from A to B 
B to C,and from C to the centre.* 


the entire length of the girder. It is the usual practice to 


points in order to simplify the work of calculation and as the error is insignificant 
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The rivet spacing is easily determined after the critical moments and shears are found, 
by the same formula as was used for the deck girder, remembering that there are no concen- 
trated external loads on the flanges. 

302. Attachments of the Floor-beams and Stringers.—There must be enough rivets 
in the connection between the floor-beam and the girder to transfer the end shear of the 
floor-beam to the girder. The rivets are in single shear. If they are “ field” rivets, it is cus. 
tomary to put 25 to 50 per cent more rivets than would be 
used if the rivets were to be shop-driven. The floor-beam 
is often attached as shown in Fig. 351, in which case there 
must be the same number of rivets in the splice plate B 
to splice the web plate to the gusset plate as though it 
were simply a web splice. The number of rivets connect- 
ing the gusset plate to the stiffener angle and the stiffener 
angle to the web must be sufficient to transfer the total 
end shear of the floor-beam. In the attachment of the 
stringers to the floor-beam as shown in Fig. 350 there must 
be enough rivets to transfer the total end shear of one 
stringer, counting the rivets in single shear; and if there 
are stringers attached on each side of the beam at the same point, there must be enough rivets 
to transfer the maximum combined end shear, or total concentration on the beam at that 
point, to the floor-beam, counting the rivets in double shear or at the allowed bearing value on 
the web of the beam. 

There is usually no end floor-beam in through bridges of this kind, the stringers resting ° 
on the masonry direct and held in line by an end strut which runs from girder to girder and 
which also attaches to the end gusset plates. 

The floor-beams for through girders of this kind are calculated for a length centre to 
centre of end supports equal to the width centre to centre of main girders. The stringers are 
calculated for the length centre to centre of floor-beams, or in case of the end stringers where 
no end floor-beam is used the length assumed in the calculation would be from the centre of 
the end bearing plate to the centre of the first beam. For panel lengths less than 15 feet 
the stringers are usually rolled I beams and are always proportioned by their moment of 
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resistance. 
303. The Bracing of a Through Plate-girder Span differs slightly from that of a 


deck span, inasmuch as in this case provision has to be made for supporting the top or com- 
pression flange against side deflection. This is usually done by means of gusset plates from 
the floor-beam, or cross-strut,; in the case where no iron floor system is used, similar to the 
method shown in Fig. 351. Often there is only an angle brace riveted to the vertical leg of 
the top flange angle and bent out so as to attach to the floor-beam or cross-strut two or three 
feet from the girder. These gussets or braces and also the floor-beams or cross-struts should 
be spaced not over 15 feet apart. The lateral bracing proper may consist either of adjustable 
rod or of angle-iron bracing attached to the main girders. It is customary to use angle bracing 
with riveted connections, and owing to their being of greater length than for a deck span they 
are usually made to cross the panel on both diagonals, each piece being proportioned to take 
the total stress in tension. s 

304. The Width Centre to Centre of Girders for a through plate-girder span is never 
less than 12 feet on straight track. The girders should be spaced so as to give at least’7 feet 
clear distance from the centre of the track to the inside edge of the flange plates if they 
extend more than one foot above the rails, in order to give ample clearance for the passage of 
trains. This is the usual requirement now, although some of the Western roads require 7 
feet 6 inches from the inside of the flange plates to the centre of the track. 
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305. The Type of Truss most commonly used for shop, warehouse, and small train-shed 
iron roofs is what is known as the Fink truss, shown in Fig. 353. It has proved to be a very 


Fic. 353. 


satisfactory and economical type for the ordinary lengths, which are under 100 teet. There 
are many conditions which may, however, affect the design of a roof; and as there are very 
few reasons why any special type of truss should be adopted, it may be generally accepted 
that the best truss to select is the one which fulfils the special conditions the best and at the 
same time is economical in material. It would be very creditable designing to select a truss 
in which the lines present the most pleasing appearance if the fitness of the truss for the 
purposes for which it is to be used is not impaired thereby. 

For the longér spans the sickle roof truss and the three-hinged arch are generally used 
wherever the conditions permit. Either of these designs will make creditable trusses. For 
train sheds the three-hinged arch is preferred before all others. The recently constructed 
train sheds of the Pennsylvania and the Philadelphia and Reading railroads at Philadelphia 
and Jersey City are very fine examples of the three-hinged arch construction. (See Fig. 65.) 

For shop construction one of the usual requirements is a horizontal lower chord for the 
purpose of supporting shafting or trolley runways, and in these cases the Fink truss is usually 
employed ; “but any other form with a horizontal lower chord will suffice. 

If the trusses are supported on iron columns instead of walls, the wind force is transferred 
to the foundations through the columns. This produces a bending moment in the columns 
which is a maximum at the top and must be transferred to the truss, a requirement which 
often modifies the form of the latter if economy is an object.* The stresses in the truss are 
less if the truss is deep at the ends; and if the Fink truss is used, knee braces from the column 
to the first joint of the lower chord are necessary. If an ordinary triangular truss is used 
with some depth at the ends, knee braces are not used. 

The slope of the top chord is usually determined by the kind of roof covering used. This 
slope must be steep enough to allow the covering used to be of the best service; thus, slate 
should not be used on a roof having a slope less than one to three and preferably one to two. 
Tin or gravel may be used on a slope of one to twelve. The greater the pitch the greater is 
the area of the roof covering required. 

306. Riveted or Pin Connected Roof Trusses.—Roof trusses are usually made with 
riveted connections, this being the cheaper kind of construction for the usual short spans and 
small truss members. There are cases, however, when the pin connection may be the cheaper 


* For a full discussion of these stresses, see Chap. XXIX, on Iron and Steel Mill Building Construction, 
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or more advisable construction. When the span is long or very heavy, requiring compara- 
tively large members in the trusses, or when the material must be transported a great distance 
from the shops, there may be a saving in manufacture or in transportation. The pin connection 
may also be used to avoid any field riveting. In the case of a roof over a building in which 
there are gases which have a very marked corrosive effect on iron, it is generally advisable to 
use pin connections, because the members of this kind of a truss expose a less surface to cor- 
rosion than do the thin angle irons which would be used in a riveted truss. 

Sometimes, in order to provide for corrosion and at the same time get the benefit of the cheaper con- 
struction of the riveted truss, a minimum thickness is specified which must be added to the thicknesses of 
all material as required by the stresses. Thus, if 34; of an inch was to be added on all sides, making a total 
addition in thickness of 3 of an inch, an angle iron 3” x 2” x }” would be increased 3% of a square inch 
or 25 per cent in area, while a round rod 1} inches in diameter would be increased only 4 of a square inch 
or Io per cent in area. 


307. Ordinary Roof Coverings.—For buildings with iron roof trusses the coverings most 
commonly used are corrugated iron, tin, and slate. Corrugated iron and slate are used when 
the slope of the roof is greater than three horizontal to one vertical. For flatter roofs than 
this they are liable to leak, as the usual joints are not tight. Tin may be used on any slope 
or on a flat roof. Corrugated iron is usually laid directly on the purlins, to which it is 
attached by means of clips. Owing to its being stiff enough to span a distance of about six 
feet, sheathing boards are not necessary. Tin and slate are usually laid on sheathing, a layer 
of roofing felt being put between the tin or slate and the sheathing. A very expensive con- 
struction is that in which the slate is supported directly on iron purlins, which must generally 
be about 1o$ inches apart. The expensiveness of this plan is due to the weight of the purlins. 

The weight of any kind of roof covering may be obtained from various handbooks. The 
sheathing is usually assumed to weigh four pounds per foot, board measure. The thickness 
of the sheathing is determined by the distance apart of the purlins, between which it must be 
able to carry the weight of the roof covering and the wind or snow load, usually allowing a 
fibre stress of 1500 lbs. per square inch. The usual thicknesses are $, 14, and 2 inches. 

308. The Loads for which roofs are usually proportioned are the weight of the roof 
covering, the sheathing if any, the iron weight in trusses and purlins and the snow and wind 
loads. The weight of the covering which it is proposed to use may be obtained from any 
good handbook. The weight of the sheathing is dependent upon its thickness, and that may 
be determined from the distance centre to centre of purlins. The weight of the iron may be 


: l 
closely obtained from the formula w = 25 ++ 4.0, where w = weight per square foot of covered 


horizontal area and 7 = length of span. This weight of iron is only for the case of the roof 
which carries no local concentrated loads. The wind load is usually assumed at 30 Ibs. per 
square foot of roof surface. The snow load is usually taken at 20 lbs. per square foot of 
horizontal surface. 

In the calculation of trusses with curved chords it is the usual practice to find the stresses 
for all the different loadings separately. Thus, the stresses would be calculated for the wind 
on the side of the truss nearer the expansion end, and for the wind on the side of the truss 
nearer the fixed end of the truss. The snow may be figured as covering the entire roof or 
only one half, and even in special cases only a small area on one side. It is not generally 
assumed that the maximum wind pressure and the snow load can act on the same half of the 
truss at the same time. In the Fink truss a partial load like any of the above never causes 
any maximum stresses, so that it is customary to calculate these trusses for a uniform load 
over the entire truss, the wind and snow Joads combined being usually assumed at 30 lbs. per 
square foot of covered area. This simplifies the calculations very much, and the results are as 
nearly correct as we can hope to arrive at by any assumed exact loading. | 
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309. The Allowed Stresses per square inch which have been very geuerally adopted 
correspond to what is termed a factor of safety of four. The usual allowed stresses per 
square inch on iron and steel in roof construction are given in the following table: 


Wrought-tron. 


Tension Stipe Omer caer ieg wee chr ohh oy ate 12,000 lbs, 
BmmeLOC ose eVe DATS om S500 STC RS + eR aals oo 15,000 ‘“ 
Maximum fibre stress on I beams..........-0 eee 12,000.“ 
10,000 
| flat ends, 
I ————— ee 
‘ a 36,0007? 
Womp rersionincntet tae ee aoe dc eae eee oe es 
10,000 : 
ees: pin ends 
18,0007? 
Shear on-arivets and-pins sn. ad. des eis viele ov erelonts 7500 lbs. 
Beatie tiyete AMC MNS Aarichsiy cee 0% oie alavelds C4, Sa 15,000 “ 
Benge ai Dreest ress sOmupins inom keane ke eit ee 18,000 “ 
Steel 
Gensiona(shiapes)\ay io Gras. Le oles fk 4s eeiatuereremme l 5,000.4 
ae BOCSIAN eye DAlrsencw Ws se see Uecles- ceo ene 13,000" “ 
Maximum fibre stress on I beams.............2006. 16,000: “! 
Compression 20 per cent more than that allowed on wrought-iron. 
Seat OMmriviets ANd ¢pinGs..ocedes seta valet baveenoolts gooo lbs. 
Bectins O- Civels AI pins’, esas. teres oe Seidler eek 18,000 “ 
Bemis Nore stress ON PINS... 604-68 « oc nea bo! 225500 “ 


In case the roof was subjected to a load from cranes, shafting, etc., the above allowed 
stresses would be reduced. In the riveted trusses there are secondary stresses arising from 
the eccentric application of the stresses on the various members which are not provided for 
further than to reduce them to the minimum possible amount. This is a point in the design 
of riveted trusses which should always have careful consideration. 

310. The Economical Distance Centre to Centre of Roof Trusses is dependent 
principally upon the relative unit stresses in the purlins and the main trusses. The weight of 
the purlins per square foot of covered area varies almost proportionally to the distance centre 
to centre of trusses. The trusses for a constant length of span would, if it were possible to 
realize the small areas required for the lighter trusses, weigh the same per square foot of covered 
area for all distances centre to centre of trusses, as the weight of the trusses would in this case 
vary as the load on them, which is a fixed number of pounds per square foot of covered area. 
The total weight per square foot of covered area for the purlins and trusses would, if the 
above were true, be a minimum where the distance centre to centre of trusses is a minimum: 
or zero. The trusses for a given span, however, do not vary directly as the load, but they are 
found to vary in weight approximately as follows: 


wats, 


where w= weight of trusses per square foot of horizontal surface covered, a and d.are. 
constants, and ¥ = distance centre to centre of trusses. That is, a part of the weight of 
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trusses per square foot of covered area remains constant for any distance centre to centre of 
trusses, and the rest varies inversely as the distance centre to centre of trusses or directly as 
the number of trusses. The constants a and 6 may be found for any length of span by assum- 
ing various widths centre to centre of trusses and plotting the results, using w and x as the 
variables. Or it may be generally assumed that the width centre to centre of trusses for 
maximum economy in material is about one fifth of the span. For economy in manufacture a 
greater distance between trusses is necessary, as the cost of manufacture varies almost directly 
as the zumber of trusses. 

311. The Detail Design of the Purlins and Trusses for a Roof.—Assume the trusses 
to be 60 feet centre to centre of end bearings and spaced 20 feet centre to centre. The 
allowed stresses to be as given in Art. 309. The covering to be slate on two-inch sheathing. 
The truss will be the ordinary Fink truss shown in Fig. 353, with a depth at the centre of 
15 feet. 


Fic. 353. 


312. Calculation of the Purlins.—The purlins or stringers rest on the trusses at the joints 
of the upper chord and serve to support the loads on the roof between the trusses. As the 
trusses in our case are 60 feet centre to centre of end bearings, and as there isa purlin at each 


joint of the upper chord of the truss, the distance between purlins is 4( are oe 30 )= 8.4 feet, 
nearly, The slate covering, felt, and sheathing will weigh 13 lbs. per square foot. The purlin 
itself we will assume to weigh 2 lbs. per square foot, and the wind or snow load is taken at 30 
Ibs. per square foot, making a total load of (13 + 2+ 30)8.4 = 378 Ibs. per linear foot of 
purlin. The maximum moment on the purlin, assuming an I beam, will be 


2 


378 X = = 18,900 foot-lbs., or 226,800 inch-lbs. 


T re 
From the formula i] ene we get SS - From any of the rolling-mill handbooks we 


Ir Fine 


T 
can get the value —- directly from the tables giving the properties of I-beam sections. This 


1 


term — is called the Section Modulus of the rolled form. Dividing the moment 226,800 by 


1 wes 
16,000, the allowed stress in extreme fibres for steel I beams, we get 14.2 for the section 
modulus of the required steel I beam. Using the sections and handbook of the Carnegie 
Steel Co., we find the lightest beam which has the required section modulus to be an 
eight-inch beam weighing 18 lbs. per foot. 

When the exact section modulus is not found in the handbook take the one next higher. 
Only the particular weights given in the handbooks of 1896 and subsequently can be pure, 
chased, as these have been made to conform with the American standards. If the section 
reduces to that of a six-inch I beam, then six-inch Z bars may be used as purlins. Since the 
static load on the purlins is vertical, the I-beam form is not as well adapted for use as 
purlins as is the Z-bar form. This latter, however, is not rolled in larger sizes than six- 
inch webs. A Z bar placed with its bottom flange pointing down the truss has the line 
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of its maximum moment of inertia nearly vertical, and this maximum moment of inertia is 
greater than that given in the handbook. The reverse is, of course, true of the I beam when 
so placed. 

313. The Detail Design of the Sixty-foot Roof Truss can now be made. The 
‘ead weight of the covering, sheathing, purlins, and trusses will pe assumed as follows: 


Slave and feltiw os. 2.< <+. sverscesssss+-s 5 Ibs. per square foot; 
SiecUNOT(21NCH)ccecneevevessotpaceesse Oo “© - s 
fron (= = Eyes ee ea eee Ou Soren ts : “ 


making a total dead weight of 19.4 lbs. per square foot. For convenience it will be assumed 
20 lbs. per square foot of covered area. The snow and wind loads will be assumed as usual to 
be 30 lbs. per square foot of horizontal area covered. The load at each truss joint of the top 
chord (assuming the iron weight of the truss to be concentrated there also) will be, combining 
all the loads, 50 X 74 X 20 = 7500 lbs., where 50 equals the total load per square foot of 
covered area, 74 the horizontal distance in feet between purlins, and 20 the distance in feet 
centre to centre of trusses. The stresses in the truss may then be found by any of the 
methods given in Part I. Owing to the similarity of trusses of this kind it is more convenient 
to work out the stresses in each member for a panel load of one pound and tabulate the 
results as shown in the table of coefficients on the following page, from which the stresses 
may be derived quickly by the use of the slide-rule. The total stresses, allowed stresses per 
square inch, the length centre to centre of support of compression members, the least radius 
of gyration of compression members, the required area in square inches, and the make-up and 
area of the various members of the truss are given in the following table. 


Radius it Stress Area 
Member. Total Stress. Length. of | yeas Required. Make-up of Members. Area Used, 
Gyration 
I + 58,700 | 101” 1.25 8,500 6.91 Two 5” X 3” Zs, 34.5 lbs. pet yard 6.9 
4 + 55,300 101” us 8,500 6.51 SS 5X 3" JE Baie : . 6.9 
8 -+ 52,000 101” a 8,500 6.12 eh Senge L 855-805 . 6.9 
14 + 48,600 1o1" Gs 8,500 5.72 SDL OS 29 34-5 6.9 
3—12 + 6,700 50 5" 78 g, 000 75 ss 2" x 24” SK +” Zs 2.16 
5— 9 — 7,500 ities oats 12,000 -63 “ 2" ~< 23" x as Zs Tenet 
7 + 13,400 ror” -78 6,800 1.97 se 2" x 2} x ¢ Zs 2.16 
II — 15,000 yerene aralans 12,000 1.25 ss 2" x Ee Zs I.g net 
13 — 22,500 AOE eeaece 12,000 1.88 oo et SX. oe Keb 7's I.g net 
2 — 52,500 dimers ce 12,000 4.38 SCA Ex 3” Ls, 26 lbs. per yard 4.5 net 
6 — 45,000 ete Maes 12,000 3.75 ss 4” xe Zs, 26 < a 4.5 net 
10 — 30,000 ORO arate 12,000 2.50 GSE SG TASS) 2.6 net 


| 


+ denotes compression; — denotes tension. 
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TABLE OF COEFFICIENTS FOR CALCULATING STRESSES IN FINK ROOF TRUSSES, 


P = load at each top chord joint ; 
? X coefficient = stress in member ; 


Reaction 


No. (ey WisaAe (DES, General Formule. 
I 6.310 7.826 9-4247 +i Vera Sue 
Ti 
2 5.25 7.0 8.75 arnt Rte 
n 
3 0.832 0.8945 0.9285 Vay x P 
I i 
4 5-755 7-379 9-053 Vee =(J+ s) ne 
5 0.75 I.0 1.25 ori 26 Ue 
6 4.5 6.0 7.5 FZ on xP 
2n 
7) 1.664 1.789 Hy +.—_— xe 
Vn? +4 = 
7 
8 5.200 6.932 8.681 + ee = 3) De IM 
cee 
9 0.75 1.0 1.25 -7 Kee 
Io 3.0 4.0 5.0 —n ye Le 
II 1.5 2.0 2.5 = <n x 
Hw 
12 0.832 0.8945 0.9285 Xe 
Vr? +4 
13 2.25 3.0 3.75 —=—n MIP 
I We P 
14 4.646 6.485 8.310 ee (7 + r) x 


NoTE.—For coefficients for a similar truss except that two struts are used in place of one at 3 and 12, in the above 
figure, see Engineering News, Oct. 31, 1895. 
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It will be noticed that the top chord is made the same area throughout, as it is better 
construction and costs very little more than if the chord were spliced. The members 11 and 
13 and 2 and 6 are made of the same area for the same reasons. 

The detail sketch of this truss is shown in Fig. 354, page 320. The plates at the joints 
are all three eighths of an inch thick except those at the ends, which are one half of an inch 
thick. The rivets are all three quarters of an inch in diameter. The required number of 
rivets through a member connecting it at its ends with a joint plate is equal to the stress in 
the member divided by the value of one rivet in bearing on the joint plate. The number of 
rivets connecting the bottom chord to the half-inch joint plate at the ends is increased 
beyond what the stress in the chord would require owing to the fact that the end reaction on 
the masonry produces a vertical stress on the rivets in addition to the horizontal stress from 
the chord. The required number of rivets for this case is found as follows, assuming the end 
reaction to be resisted by the rivets directly over the bearing plate: The end reaction is 
26,250 lbs., and as at the ordinary three-inch pitch there are six rivets resisting this end reac- 
tion, we have a vertical stress on each rivet of 26,250 + 6 = 4375 Ibs. As the value of one 
three-quarter-inch rivet in bearing on the half-inch joint plate is $ X 2 X 15,000 = 5625 lbs., 
each rivet will resist V 625° — 4375 = 3535 lbs. horizontal stress before the limiting bearing 
pressure is exceeded. The six rivets are then able to resist 21,210 lbs. of the chord stress, 
leaving 31,040 lbs. to be resisted by the remaining rivets through the chord angles. This 
requires six more rivets, or twelve in all. The splice at the end of the lower chord piece 10 
requires consideration. There must, in addition to sufficient rivets, be enough area in the splice 
plates to equal the area required in this chord. Of the joint plate, only a width of plate which 
is symmetrical about the rivet lines in the chord angles is available in the splice, and also the 
centre of gravity of the splicing plates should coincide with the centre of gravity of the chord 
angles. This latter condition, counting 3% inches as the available width of the joint plate, 
requires 64 inches as the width of the bottom splice plate, assuming all plates to be three 
eighths of an inch thick. The splicing plates have therefore an area equal to (34 + 64—3X¥ 
= 2.77 square inches net area, which is sufficient. If this area had been less than the net area 
required in the chord 10, the joint plate would have to be made thicker. 

It will be noted that the neutral axes of all the members meeting at a joint intersect at a 
point. It is not more expensive to do this in practice than it is to neglect it, although it is 
not generally done. The secondary stresses in the members due to the fact that the connect- 
ing rivets at the ends of the members are not on the neutral axis, or symmetrical about it, 
still remain. These stresses should be looked into in order to see whether there are any 
probably dangerous stresses. _ It is not practicable to make a rigid analysis of these stresses, 
owing to the rigid joints and details, in the manufacture of which we cannot estimate the 
effect. 

314. The Bracing of Roofs is usually put in the plane of the top chord, the purlins 
being used as struts for the lateral system. When a line of shafting is supported near the 
lower chord a system of lateral bracing should be introduced there also, to resist any vibration 
from the shafting. For a building with a number of trusses, bracing is not needed between 
each pair of trusses, but may be put in at distances of about 100 feet between the bays which 
have complete systems, the purlins being relied upon to carry any side stress which calls for 
bracing between the necessary expansion joints in the purlins. If the end of the building is 
covered with glass, as the end of a train-shed for instance, it must be stiffened against bending 
and the consequent destruction of the glass. This is usually accomplished by using a hori- 
zontal truss in the plane of the lower edge of the glass end and another complete system in 
the plane of the top chords of the truss. The glass between these two lateral systems would 
then be stiffened by vertical girders attached at their ends to these lateral systems. 
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CHAPTER XXI. 


THE COMPLETE DESIGN OF A SINGLE TRACK RAILWAY BRIDGE. 


315. Data.—The span length will be 150 feet centre to centre of end pins. Bridge 
square ended, not skew. Straight track. The capacity or live load to be Cooper’s Class 
“Extra Heavy A” loading (Fig. 129). The specifications for allowed stresses, details of con- 
struction, and material will be the standard specifications of the Pennsylvania Railroad dated 
1887, modified so as to allow the use of steel eyebars and pins at allowed stresses 20 per cent 
above those specified for wrought-iron. The panels may be of any length if the depth is 
always made equal to or greater than the panel length, and the stringers may be spaced any 
distance centre to centre if the size of cross-tie is made to correspond. 

316. Dimensions of Truss.—The proper depth for economy in material of a single track 
through span varies from one fifth to one sixth of the span. The depth is dependent to a 
small extent on the length of panel, the economical depth being greater if the panel is longer 
and less if the panel length is made less. The weight of the bridge varies very little for a 
change in the number of panels, but the cost of manufacture changes rapidly, being less per 
pound for the longer panels. There are two good reasons for selecting long panels, one being 
a reduction in the cost of the bridge, and the other the concentration of a greater mass in the 
floor system to resist impact and vibration from the train. The objection which can be urged 
against long panels is that, owing to the fact that the trusses for spans under 300 feet are not 
usually spaced much over 16 feet centre to centre, the angle made by diagonals of the lateral 
systems with the centre line of truss is so small as to make this bracing less effective than if 
the panels were shorter. This objection deserves consideration, although it is usually not 
given much weight. The greater number of joints required for the shorter panel, and the 
necessary play, or required looseness of fit, at the joints, tend to counterbalance this advan- 
tage. A panel length of 25 feet and a depth of 28 feet will be assumed, as these dimensions 
are probably very near the correct ones for economy in material and cost. Five panels of 30 
feet and a depth of 30 feet may possibly be cheaper, but the panel length is too long for good 
lateral bracing. 

317. Dead Load.—For the weight of floor the specifications require that this shall be 
arrived at by adding to the weight of the cross-ties used 165 lbs. per linear foot of track, which 
includes the weight of the rails, guard rails, spikes, bolts, etc. The cross-tie will be taken as 
8 inches by 10 inches, laid flat, and 12 feet long, spacing the stringers 7 feet centre to centre. 
The clear opening allowed between cross-ties is 6 inches, and the cross-ties are therefore 16 
inches centre to centre. The weight of the cross-ties per linear foot of track will be, assuming 
the:wood to weigh 44 lbs. per foot board measure as specified, 8 X 10 X 12 X zg X # X 44 
= 270 lbs. The total weight of the floor will therefore be 270-+ 165 = 435 Ibs. per linear’ 
foot. The weight per linear foot of the iron and steel in the bridge will be obtained from the 
formula w= 5/-++ 350,* when w = weight per linear foot and /= length of span. The total 
dead load on the bridge will therefore be 435 + 1100 = 1535 lbs. per linear foot. This gives 
a panel load ger truss of 19,188 lbs., or for convenience 19,200 lbs. We will consider one 
third of this concentrated at the top chord joint and two thirds at the bottom chord joint. 
This is the usual division of the panel load, but in long spans it is always best to get the 
correct division of load from a trial span worked out on the basis of the above division. 


* For a double track bridge add 90% of this, or for double track w = 9.5/4 665. 


to 
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318. Allowed Stresses per Square Inch.—We give below an abstract of that part oi 
the specifications relating to the allowed stresses,* 


The maximum and minimum stresses in compression and tension for the specified loads are to be used 
in determining the permissible working stress in each piece of the structure, according to the following for- 
mule: 

For pieces subject to one kind of stress only (all compression or all tension), 


a=uit+y7). (Same as eq. (5), p. 244.] 
For pieces subject to stresses acting in opposite directions, 


a@=u(I—n). [Same as eq. (6), p. 244.] 
In the above formule, 


a = permissible stress per square inch, either tension or compression; 


7000's ag tes if « «rolled iron in tension (plates or shapes), 


7500 Ibs. per square inch for double-rolled iron in tension (eyebars or rods), 
z= 
709 aes ee « «rolled iron in compression ; 


minimum stress in piece 


aes Trae 
maximum stress in piece ’” 


maximum stress of lesser kind 
~ 2 X maximum stress of greater kind’ 


7 


The permissible stress a for members in compression is to be reduced in proportion to the ratio oi 
the length to the least radius of gyration of the section, by the following formula: 


a 
ip 


I ——’ 
¢ 18,0002? 


j= 


we 


where a = permissible stress previously found ; 
6 = allowable working stress per square inch; 
7 = length of piece in inches, centre to centre of connections; 
g = least radius of gyration of section in inches. 


The permissible stress in long vertical suspenders in through bridges to be Io per cent less than that 
given by above formule. 


The compression flanges of plate girders must not have a greater stress than that given bv the following 
formula : 


he eee 
Bs 50007? 
where a@ = permissible stress previously found; 
¢ = allowable working stress per square inch; 
Z= unsupported length of flange in inches; 
w = width of flange in inches. 


Iron pins are to be so proportioned that the maximum fibre stress shall not exceed 15,000 Ibs. per square 
inch. 


The bearing stress on pins, on a diametrical section of pin-holes, shall not be greater than 1} times the 
compression unit stress @ in the piece considered. 

The shear on the net section of any member shall not exceed the compression unit stress a for that 
member, and in case of rivets at least 20 per cent extra section must be allowed. 

Rivets must not have a bearing pressure per square inch against the web plates of more than twice the 
compressive unit stress @ used in the upper flange of the girder. 


The tension on laterals shall not exceed 15,000 lbs. per square inch for double rolled ifon or 12,000 Ibs. 
per square inch for plates or shapes. 


* These specificatiuns are more complicated in the matter of allowed stresses than some of 
mon use, Seventh Edition, 1898. 


those now in com- 


oe \ 
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The compressive stress on lateral struts shall not exceed that given by the following formula : 
12,000 , 


where @ = permissible stress per square inch ; 
/= length of piece centre to centre of connections in inches; 
£ = least radius of gyration of the piece in inches; 
36,000 for both ends fixed ; 
€ = 4 24,000 for one end hinged, the other fixed ; 
18,000 for both ends hinged. 

[The student will bear in mind that for steel eyebars and pins the above aliowed stresses will be increased 
20 per cent.] 

Minimum Sections——No iron shall be used of less thickness than three eighths of an inch, except im 
lateral struts, lattice straps, pin-plates, and similar details, and in special cases of girder flanges, where a 
minimum thickness of five sixteenths will be allowed. 

No iron used in compression members shall have an unsupported width of more than forty times its 
thickness. 

No rod shall be used having a less sectional area than one square inch. 


319. Tabulation of the Stresses and the Determination of the Sectional Areas of 
the Members of the Truss.—It is assumed that the student can calculate the stresses in 
the truss members from the dead and live loads by the methods explained in Part I. In the 
following table are given the stresses on the various pieces, with the factors which determine the 


B Cc D 
a 6 ¢ ad e 
Fic. 355. 
i S ra By 
3 tresses, g ies |sg ? | 
S luc |2-3 Unit A ° : rea : 
E ae en 3 ae qequirea. Make-up of Section, Used, |Materia. 
= Dead. Live ye ies) a boy AG) 
Che 
ab |— 42.9] —III.0O} 42.9 | 153.9 11.5 II.5 |13.4 |Two 6” XK 1} bars 13.5 | Steel 
bc |\— 42.9| —III.O} 42.9 | 153.9 ]I1I.5 Tua Wpeeiev) Two 6" x 1. bars 13.5 sé 
cd |\— 68.6] —169.5] 68.6 | 238.1 |11.6 1I.6 |20.5 Two 6” X 12” bars 1.0 66 
8.4 ; o 
Be |— 38.6 Deew 30.2 | 149.4 {10.8 10.8 |13.8 |Two Be x 13 bars 13.75| © 
Cd |—12.9| — 64.9} 0.0] 77.8] 9.0 g-0 | 8.7 |Two 5 Xx &’ bars Sic7 5a 
De = 1725), O.O))| 687/95) 75 7.5 263 One 1¥ square rod 2.25| Iron 
Bo |— 12.8} — 59.4] 12.8 | 72.2|10.6 9.5 7-6 |Two 4" X te bars 7-5 | Steel 
Ccl4+-16.0| + 48.4] 16.0] 64.4] 8.11336 13.8 | 5.64 !11.4 tee To” Lis, - ie per 1S Baek Iron 
6. Dw a aall Ig. 8.6/336 [2.54] 4.360] 4.5 WOw7 eis. nS, s. per yd. ie a 
Od Ne ‘ ae z One 22” X +" top plate 
two 3) 5635-7s430 lbs. per ya: a 
aB\+ 64.4] +166.6| 64.4 | 231.0] 8.3/450.5)6.34 | 6-460/35-5 4 |Two 16” Xx = Sane 35.6] Iron 
Two 3" X 4” Zs, 30 lbs. per yd. 
} One 22” X 3%” ae plate il 
; Giwoes 66. eee ZS 
BC\|+68.6| -+169.5] 68.6 | 238.1| 8.4/300 6.44 | 7-470131.9 >} | Two a X 8" side plates 31.9] Tron 
Two 3” X 4" Zs, 30 lbs. per yd. J 
fg One 22” X 4%" top plate 
: Two 3” X 3” Zs, 30 lbs. per yd. 
CD \+-77.1| -+192.6] 77-1 | 270.0) 8.4)300 [6.44 7-470|36-2 4 |G 16” x 7," side plates 36.2) Irom 
| Two 3” X 4’ Zs, 33 lbs. per yd. J 
| | 


Areas are given in square inches. Stresses are given in thousand-pound units. 
+ denotes compression. — denotes tension. 


——— 


* The area given to this post by the formule is altogether too smali for jateral stability. 
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allowed stresses, the required areas, the make-up of the section, and the area used, from which 
the student can readily understand the methods employed. The members are designated by 
the letters of the joints at their ends as indicated in Fig. 355. 

The order in which the members are arranged in this table is the most convenient one to 
use when making up the sections. The sizes of the tension members are fixed first, then the 
sizes of the posts, and lastly the inclined end posts and top chords, which are usually made 
with the same general dimensions. The top chords must be made wide enough to allow the 
posts and diagonals to be packed inside of them, and they must also be made deep so that 
the neutral axis or pin centre may be far enough from the top plate to allow room enough for 
the eyebar head. 

Owing to the requirement of established practice that posts must never have a ratio of 
length to least width of over 48, the posts Dd are made heavier than the stresses 
would require. A lighter 7-inch channel could have been used except for the clause in the 
specifications allowing no metal less than three eighths of an inch thick. 

The external dimensions of the top chord section were determined as follows: The 
minimum width of top plate is fixed by the members which have to be packed inside at joint 
C, where the largest post is. The side plate is determined by the piece BC, where the 
minimum section is required, as this area must be made up without using material of less 
thickness than the specifications allow. By referring to Fig. 356, it will be seen that 22 inches 
is the least allowable width for the top plate, requiring a plate at least seven sixteenths of an 
inch thick in order that the ratio of the unsupported width to the thickness of the plate may 
not exceed 40. The unsupported width is the distance between the rivets which attach 
the plate to the top angles, and is usually 4 inches less than the width of the plate. The 
depth of the chord or the width of the side plates must be determined by trial. The least 
radius of gyration of a top chord section does not vary much from four tenths of the width of 
the side plate when the area of the side plates is one half, or less than one half, of the total 
area of the section. Using this as a basis for an approximate determination of the area in 
BC for various widths of side plate, we select the section with a width of side plate which 
will give us the least metal in the top chords and end posts. For short spans this is generally 
the one which will give the required area in BC when the minimum allowed sections are 
used in its make-up. The angles used in these sections are as small as should be used for 
convenience in driving rivets. Care should be taken to select a chord section deep enough 
to allow the pin to be placed at such a distance from the top plate that the eyebar head will 
not strike the top plate. The pin is usually placed below the neutral axis of the section in 

‘ESE re ET order that the total direct stress acting with a lever arm 


. = equal to the distance of the centre of the pin from the 
neutral axis may produce a moment equal to the centre 
bending moment in the piece from its weight. As the 

iy" Pins are at the same distance from the top plate in all 


the sections of top chord and end post, this requirement 

must be observed in the design of the sections in order 

to avoid any unnecessary bending stresses. The pin 

— should never be placed at such a distance from the 

. neutral axis that the algebraic sum of the bending mo- 

ments produced by the maximum direct stress and the 

weight of the member would cause an extreme: fibre 

stress per square inch greater than 10 per cent of the stress per square inch allowed by the 
formula for direct stress alone. 

The top chords and end posts for this span are made of the general dimensions shown in 

Fig. 356. It will be noted that the vertical distance back to back of angles is one quarter 


Fic. 356, 
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of an inch more than the width of the side plate. This is required in manufacture. The 
pin centre will be placed 13 inches above the centre of the web plate. In the following 
table are given the distances of the neutral axes from the centre of the web plates, the weights 
of the pieces, the maximum bending moments produced by the weights of the pieces, con- 
sidering each piece as a beam of a span equal to the length of the piece, the maximum direct 
stresses in each piece from the dead and live loads, and the distance the pin must be placed 
from the centre of the plate in order that the direct stress may produce a reverse bending 
moment which will counteract the moment of the weight.* 


My mM. 
Piece e Ww My Ss ica BVO ae 
aB 2.23 5,100 TQI,200 231,000 0.83 1.40 
BE. Qtr 3,000 112,500 238,100 .48 1.63 
(610) 2.08 3,400 127,500 270,000 -47 Tei 


In this table ¢ is the eccentricity or distance from the centre of the web plate to the neutral axis; Wis 
the weight of the member, allowing fifteen per cent of the area as the weight of the rivet-heads, lattice bars, 
etc.; 1/7, is the centre bending moment produced by the weight WV; S is the direct stress in the member 
assumed to be applied at the centre of the end pins of the piece; and e is the distance the pin centre should 
be placed from the centre of the web plate in order that the bending moment produced by the weight of the 
piece may be counteracted by the moment of the direct stress acting about the neutral axis of the piece. 


As any future increase of the live load would cause greater direct stress in the piece, and 
consequently e, would be larger, it is better to use one of the larger values of e,. 


The method of computing the eccentricity e and the radius of gyration is given in the following tables: 


ECCENTRICITY FOR @B. 


Piece. Area, A | Distance, 2 ay, Axd |\e=8&34-a, 
Top plate...... 9.625 0.0 
Top angles....| 6.0 TOw 6.96 
Web plates....| 14.0 8.34 116.76 
Bottom angles. 6.0 15.65 93-90 
Total section..| 35.625 OnLE 2177.62 2.23 


Fic. 357. 


d = distance of the centre of gravity of the piece from the centre of the top plate; d: = distance of the 
centre of gravity of the total section from the centre of the top plate; e = the eccentricity, or the distance 
of the centre of gravity of the total section from the centre of the web plate; 8.34 =the distance from the 
ceutre of the web plate to the centre of the top plate. All distances in inches, and all areas in square inches, 


THE RADIUS OF GYRATION FOR a@B.t 


Piece. Area, A G c3 2? A Xc? Li AXca+T] gz 
Top plate....... 9.625 6.11 Sireeis} 359.30 0.15 359.45 
Top angles..... 6.00 4.95 24.50 147.00 4.72 151.72 
Web plates... .. 14.00 2.23 4.97 69.58 | 298.67 368.25 
Bottom angles..| 6.00 9.54 gI.O1 546.06 4.44 550.50 
Total section...| 35.625 fo) 40.14 1429.92 6.34 


* It is here assumed that the total chord stress passes through the pin. Since all the pins are eccentrically placed, 
the total horizontal stress in any panel is applied in the line of these pins, notwithstanding the continuity of the chords 


at the splices. 
+ See Art, 126 for another form of tabular computation of 7 and 7 
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A is the area of each piece in square inches; c is the distance of the centre of gravity from the neutral 
axis of the full section; 7 is the moment of inertia of each piece with reference to the neutral axis of the 
piece parallel to AB (see Fig. 357); and g is the radius of gyration of the full section of a&. All areas are 
in square inches, and all distances or dimensions in inches. 

The position of the neutral axes and the moments of inertia for the angles are obtained from any of the 


handbooks issued by the rolling mills. 

The above computations are made with reference to an axis parallel to AB (Fig. 357). The radius of 
gyration with reference to the axis CD should always be equal to or greater than that found above. This is true 
whenever the width between the outer sides of the side plates is nine tenths of the breadth of the side plates. 


320. The Design of the Iron Floor System.—Having fixed the size of the truss 
members, we will now take up the floor-beams and stringers. The stringers are plate girders 
of a span length equal to the panel length. The dead load ona pair of stringers consists of 
the weight of the stringer plus the weight of the floor. The floor we have found weighs 435 
Ibs. per foot of track. _The iron weight may be approximated by the formula g xX /+ 55, 
where /= length of panel. This is the formula previously used for deck plate-girder spans 
with the constant 110 reduced one half to allow for the weight of the bracing, which is not 
generally used for stringers under 30 feet long. The total dead load per linear foot on a 
pair of stringers is, therefore, 435 + 280(=9 X 25-++ 55) = 715 lbs. The maximum bending 
715 X 25 

287 
for the live load. The live load moment is taken from the table on page 329. The total or 
maximum bending moment is 262,600 ft.-lbs. The economical depth for the stringers will be 
found by the formula given on page 300 for a girder span whose flanges are of constant area 


WH 


end toend. In this case 4 = 1464 / where #4 = the depth of girder, m == the bending 


moments for ove stringer are = 27,900 ft.-lbs. from the dead load and 234,700 ft.-lbs. 


moment in inch-pounds, f= the average flange stress per square inch on the gross area of 
flange, and ¢ = the thickness of web plate in inches. In the case of the stringers under con- 
sideration ¢ = three eighths, f = 6600, and mz = 3,151,200; from which A= 50. The specifi- 
tions require a cover plate on the top flange from end to end of the stringer, and as we will 
assume our stringers to be 48 inches back to back of flange angles, the distance centre to 
centre of gravity of the flanges will be taken as 46} inches. The maximum flange stress 
will be 3,151,200 + 463 = 67,800 ibs. The allowed stress per square inch on the bottom is 


27,900 : 
7000( 1 sige = 7750 lbs. The required net area of bottom flange is eae = 


square inches. Two 6” X 4” angle irons, weighing 49 lbs. per yard each, will be used for this 
27,900 
262,600 


flange. The allowed stress per square inch for the top flange is 6500( 1 L ) = 7200 lbse 


reduced by the formula ee, where /= 25 and d=1. From this we get 6400 as the 
I+ OGCe 
allowed stress per square inch in the top flange. The required area of top flange is 
67,800 + 6400 = 10.6. For this flange use two 5’’ x 34” angle irons, weighing 31 Ibs. per 
yard, and one 12 X g inch plate, making a gross area of 10.7 square inches. For stiffeners 
we will use 3” x.2” x #” angles except at the ends, The end) stiffenere have to be 
large enough to allow §” rivets to be driven through each leg of the angle. This limits 
them to 3” X 3 angles as a minimum, and in order to make the driving of the field 
rivets less confined we will use 34” X 34’ x 8” angles for the end stiffeners. The end 
shear is 4500 lbs. from the dead load and 43,700 Ibs. from the live load, making a 
total of 48,200 lbs. This requires 11 rivets through the end stiffeners and the web of the 
stringer. The value of a §” rivet in bearing on a %-inch web plate is, as the allowed 
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bearing pressure per square inch is twice the allowed stress per square inch in the top 
flange before reduction for the length of flange, 2 x 7200 x $ X $= 4700 lbs. The number 
of rivets through these end stiffeners and the web of the floor-beam is determined as follows: 
the maximum end shear of the stringer, in this case 48,200 lbs., must be transferred to the 
floor-beam by the rivets in single shear, or the maximum concentration on the floor-beam from 
the two stringers which attach on opposite sides of the beam must be transferred to the floor. 
beam by the rivets without exceeding the limiting dearing pressure allowed between the 
rivets and the web of the beam. The allowed bearing pressure per square inch for the rivets 
on the web of the beam is, as the dead load concentration is gooo Ibs. and the maximum live 


load concentration is, from the table page 329, 59,500 lbs.,* 2 « 6500 1 + oeo)= 14,700 lbs., 


and the bearing value of one $-inch rivet on a 8-inch plate is $ x $ X 14,700 = 4800 Ibs. 
The maximum end shear of one stringer requires, as the value of a } rivet in single shear is 
3060 Ibs., 48,200 + 3660 = 13 rivets.. The maximum concentration on the floor-beam 
requires, as the value of one { rivet on the g-inch web of the beam is 4800 Ibs., 68,500 + 4800 
= 15 rivets. The rivets through the flange angles and web plate would be spaced by the 
methods explained in Chapter XIX. 

321. Floor-beams.—The length, centre to centre, of end supports of a floor-beam should be 
taken as the distance centre to centre of trusses, and provision should be made for connecting 
the beam so that its end reaction will be transferred to the truss as nearly central as practicable. 

The weight of the beam can be arrived at by trial. The depth of the beam must usually 
be great enough to allow the full depth of the stringer and about one half inch of clearance 
between the vertical legs of the beam flange angles, or in this case 48” +47 1 7 — pod”, 
If the stringers are made the economical depth, this usually requires the beams to be deeper 
than would be economical. 

The above applies to stringers framed in between the floor-beams. When the stringers are supported 
on top of the beams both may be made the economical depth. The depths required by the formule for 


economy, like the results of all formule for maximum or minimum, may be deviated from considerably 
without much loss of weight. 


Assuming the weight of the beam as 2400 lbs., we get, remembering that the stringers are 
2400 X 16 

7 feet and the trusses 16 feet centre to centre, peer aca 4800 ft.-lbs. centre moment from 
the weight of the beam, 9000 x 44 = 40,500 ft.-lbs. centre moment from .the concentrated 
dead load of the stringers on the beam, and 59,500* x 44 = 267,750 ft.-lbs. centre moment 
from the live load concentrated at the stringer points. It will be noted that the moments 
from the stringer concentrations are constant between stringer points. The total centre 
moment is therefore 45,300 ft.-lbs. from the dead load and 267,750 ft-lbs. from live load, or, 
combining them, 313,050 ft-lbs. As the beam must be 553’ deep and the specifications 
require a top flange plate, we will assume 54 inches or 4.5 feet as the effective depth. The 
flange stress is therefore 313,050 + 4.5 = 69,600 lbs. The allowed stress per square inch on 


the bottom flange is 7000 1 B50) = 8000 lIbs., requiring a net area of bottom flange of 
4a) 
69,600 + 8000 = 8.7 square inches. Use two 6” X 4” angles weighing 49 lbs. per yard. The 
. nw . 7300 ; 
allowed stress per square inch on the top flange area is 6500(1 + 332 | = 7440 lbs., reduced 
by the formula aa = 7366 lbs., as 7= 7 feet and 6=1 foot. The required area of 
+ 50008 


top flange is 69,600 + 7366 = 9.45 square inches. Use two 5” x 3” x 8” angles and one 
12 x 35, plate. 


* See. Art. 92, p. 76. 
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The allowed shearing stress per square inch on rivets in the floor-beam is, according to 
the specifications, 7440 + 1.2 = 6200 lbs. The value of one { rivet in single shear is therefore 
6 X 6200 = 3720 lbs. The allowed bearing stress per square inch for rivets on the web of 
the floor-beam is 2 X 7440 = 14,880. The value of one § rivet bearing against a 2 plate is 
i X 2 X 14,880 = 4880. 

The number of rivets required through the web of the beam and the end angles which 
rivet to the post of the truss is 69,700 + 4880 = I5. The number of rivets needed through 
these end angles and the post is 69,700 + 3720 = 19. The pitch of the rivets through the 
flanges and web plate is constant between the stringer point and the end of the beam and is 
4880 X 52 

69,700 
so that 6-inch spacing, the maximum allowable, will be used. 

322. The Design of the Lateral Bracing.—The wind pressure specified is 30 Ibs. per 
square foot, counting as the exposed surface ¢wzce the area of one truss as seen in elevation 
and the surface of the floor. This gives 130 lbs. per linear foot as the wind force for the top 
lateral bracing, and 230 lbs. per linear foot for the wind force for the bottom lateral bracing. 
The train is assumed to expose a surface 10 feet in height, or, as it is usually taken, the moving 
wind load is 300 lbs. per linear foot. From the foregoing we get 3250 lbs. as the panel load 
for the upper lateral system, and 5750 lbs. as the static and 7500 lbs. the moving panel loads 
for the lower lateral system. The stresses in the lateral systems with the sections used are 
given in the following tables. 


= 3.64 inches. Between the stringer points the flange stress is practically constant, 


B Cc D 
B' Cc’ D’ 
Fic. 358. 

Piece. Total Stress. Z g jf Ar Make-up of Section. Area, Material. 
DD' 1,625 LO20 TeLO} 7..C0O On23 oun xcose ant tac f.0 Iron 
CC’ 3,250 192 1.19 7.000 0.47 Four 24” X 23” X #" Zs 6.0 by 
cD 3,014 15.000 0.20 One 1” sq. rod 1.0 “ 
BC 9,043 15.000 0.60 One 1” sq. rod 1.0 Ss 


Z = length of piece in inches; g = least radius of gyration of piece in inches; f = allowed stress per square inch; 


A, = area required. 
Sis 
3 


FIG. 359. 

Piece. |Total Stress. Z & a As Make-up of Section. Area. Material. 
aa’ 33,100 R4 0.94 9,900 4 Two 3” Set de 

b0' TOsOOO: ||. cia renaverereveorel|alofeheleverers et leaierneeteice arere : bo OUd oo ce oe nee 
ce! S600 |. bs cucnacls eect eae en eee Lower flange of the floor- 

dd' AWEO — |r os one seas [Reape eee Eel ee ee beam used for these struts 

ab’ 61,400 15,000 4.1 Two 15%" sq. rods 

bc’ 38,300 15,000 2.55 Two 1! Deere oe are 
cd 17,900 15,000 Tis) One 14’ sq. rod 1.27 


fs ‘ z * =a 
. The strut aa’ is attached to the end post and to the stringers ; the greatest umsupported length is between the 
stringers and is seven feet. 
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MAXIMUM SHEARS AND BENDING MOMENTS ON GIRDERS FOR COOPER’S CLASS EXTRA 
HEAVY “A” LOADING. (In 1000-pound units.) 


Length Shear _| Shear at Shear Maximum Length Shear Shear at Shear Maxi 

of at uarter at 1 eee he 
Girder. End. eon Centre. ees Gikee End. Sant Centre, gereetcre 
TOMO 24.8 15.8 8. 0 ~Ou 60. 
Teo. 26.6 16.4 80 Bee ve 0" ney ae i ae 
12’ 0” 28.1 16.9 9-4 67.5 45 0" 62.2 38.2 17.3 625.8 
13° 0 29.4 18.2 9.8 78.8 46’ 0” 63.1 38.7 17.6 649-5 
14 0" 30.5 19.3 10.2 90.0 Ou 64.0 39.2 17.8 673.3 
15° 0” Srey 20.2 10.3 101.3 48’ 0” 64.8 39.7 18.1 697.0 
16 ts 33.5 210 10.3 Ti2ss 49 0” 65.7 40.2 18.3 720.7 
17/0 35.0 21.8 10.3 123.8 (Jo) fo) 66.5 40.7 18.6 744.4 
1S. 07 36.4 2205 10.3 135.0 i (0X 67.4 41.3 18.8 768.2 
19 0” B7a7, 23.1 10.7 146.3 B2nOL 68.2 41.8 19.0 743-4 
20’ 0” 38.8 2305 gat 160.4 BaO4 69.1 42.4 19.3 819.3 
au 3" 39.8 24.8 11.4 175.2 54’ 0" 69.9 42.9 19.5 845.2 
22’ 0 40.7 25.7 Tie) 189.9 BeOr 70.8 43.4 19.8 871.1 
23’ 3” 41.6 26.5 12.0 204.7 BOnOu 71.6 43.9 20.1 897.4 
24’ 0" 42.7 Oy Bae} 12.2 219 6 BLO 72.4 44.3 20.3 925.6 
25/0’ 43.7 28.0 12.2 2S Aur, 58’ o” ign 44.8 20.6 953.9 
2000. 44.6 28.7 12.3 251.9 59' 0" 74.1 45.2 20.8 982.1 
Ou 45-5 29.3 12.3 269.1 60’ 0” 74.9 45.8 21.1 1010.3 
28' o” 46.3 29.8 12.4 286.4 61’ 0” Gil 46.2 21.3 1038.6 
29-0" 47.0 30.3 12.4 303.6 62’ 0” 76.5 46.7 21.5 1066.8 
30’ 0” 48.0 30.7 L277, 320.9 63’ 0” TIS Gi 21.7 1095.2 
BL.04 48.9 Bee) Ter 338.1 64/ 0" 78.0 47.6 21.9 1125.7 
Ge Oe 49.8 31.8 13.5 355.3 65/0" 79.1 48.1 225m 1156.2 
33 0” 50.8 3253 13.9 BIBT 66 0” 80.1 48 6 22.4 1187.7 
34' 0" 51.9 32.8 4S Geese S OS 55 67’ 0" 81.1 49.0 22.7 1219.1 
BE O: 52.9 33.2 14.6 412.6 68' 0” 82.1 49-4 22.9 1250.6 
36’ 0” 53.8 33.6 14.9 432.1 69' 0” 83.2 49.8 Derr 1282.4 
B74 On 5de7. 34.1 15.2 451.6 70’ oO” 84.4 50.3 23.4 1314.3 
38' 0” 55.8 34-4 15.5 472.7 Wt, 0 85.5 50.7 23.6 1346.4 
39' 0” 56.8 Beart 15.8 494.3 72 0 86.6 viet 23.8 1378.6 
40’ 0” 57.8 35.6 16.0 515.8 72M 87.7 52.0 24.0 141.0 
4u o” 58.7 36.1 16.3 Eaves TAL OU 88.7 52.1 24.2 1443.8 
42' 0" | 59.6 36.6 16.5 558.8 75! Or 89.7 52.4 24.5 1476.7 


323. The Design of the Portal Strut.*—The wind force concentrated at the hip joint 
is assumed to be carried to the abutments by the inclined end 
posts. These posts act as beams fixed at both ends, and the 
distribution of external forces-will be as shown in Fig. 360. The 


maximu:n bending moment in the portal strut is = and this is 


also the maximum bending moment in the end posts. The as- 
sumption that the end posts are fixed at their lower ends is de- 
pendent upon the amount of direct stress in the end post and 
the width of the end posts. It is true whenever the total stress 
in the end post multiplied by one half the distance centre to 


centre of bearings on the end pin is equal fo or greater than = 


The force P, in the case of the 150-foot span under consider- 
ation, is equal to 24 X 3250 = 8125 lbs.; 4 = 450.5 inches and 
d= 192 inches. The portal strut, in order to give the specified 
clearance from the rail to the under side of the strut of 20 feet, is 
about 30 inches deep. It will be assumed to be 29 inches centre to centre of gravity of its 


* See also pages 110, 159, and 288, 
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flanges. The maximum stress in each flange of the portal in order to fix the posts in direction 


e125 = 450-5 y = = 31,600 lbs. To this stress must be added , a 
direct compression due to the direct application of the wind force at the end of the strut, one 


half of the force P being assumed as resisted by each end post. The total stress on each flange 
of the portal strut is, therefore, 31,600 + 2000 = 33,600. Assuming each flange to be com- 
posed of two 3” X 3%” angles, the allowed stress in compression is found to be 8700 lbs. per 
square inch, requiring 3%; square inches area. Two 3”-x.34” & 95" angles are therefore 


at the top, will then be 


10 
sufficient. The portal strut is usually made in the form of a girder, the web being either 


lattice work or a solid plate. The latter is preferable and generally no more expensive. It 
will be noted that the maximum bending stresses in the end post from the wind forces occur 
at the shoe and at the point of the attachment of the portal strut, and also that the portal 
strut connections must be designed to resist this maximum moment. 

324. The Stress Sheet.—The sectional areas of all the members have now been deter- 
mined and the stress sheet can be made. This sheet should show the dead and live load 
stresses on each member, the allowed stresses per square inch, the make-up of the members, 
the material of which they are made, whether wrought-iron or steel, the live and dead loads 
used, the specifications under which the design was made, all the general dimensions—such as 
length centre to centre of end pins, number of panels and length of each, depth centre to 
centre of chords, width centre to centre of trusses and stringers, the skew, if any, and the 
alignment of the track over the bridge. The stress sheet for the 150-foot span is shown in 
Fig. 361. 

325. Details at the Joints.——The determination of the sizes of pins to use and the 
arrangement of the packing on a pin at a joint is most conveniently made at the same time 
the sizes of the pin plates or bearings are proportioned. Each joint will be designed com- 
pletely as we proceed, in order to avoid as much repetition as possible. 

326. Joint a.—The pieces meeting at this joint are the inclined end post, aB; the bottom 
chord, ad; the shoe ; the lateral strut, aa’ ; and the lateral diagonal, ab’. The members of the 
lateral system, aa’ and ad’, will be attached to the end post as close to the pin as possible, the 
aim being to produce the least bending stress from an eccentric connection. 


A preliminary assumption of the size of the pin must first be made and the thickness of bearings re- 
quired for this size determined. The bending moments produced by the stresses in the members connecting 
on the pin may then be calculated, and if the pin assumed is large enough no further computation is neces- 
sary. There are cases where it may, however, be desirable to reduce the size of the pin in order to use 
smaller heads on the eyebars, but it is assumed here that the desirable and smaller size of pin is assumed 
originally. The maximum diameter of the head for a steel eyebar should not be over 2% times the width 
of the bar on account of the difficulty in upsetting the material. The desirable diameter of head is about 
2} times the width of bar, and as an excess of net area in the head over the bar of from 30 to 40 per cent 
is required, the diameter of the desirable size of pin is about nine tenths the width of bar. By referring 
to the table of standard steel eyebars, on page 246, it will be noted that two sizes of heads are 
generally used for each width of bar. The smaller head is the more desirable one to use because of 
its cheapness in manufacture and as it requires less material. The thickness of the eye should be the 
same as the body of the bar in steed eyebars. The smallest pin should have a diameter equal to tkree 
quarters of the width of the bar in order that the bearing pressure of the bar on the pin should not be too 
great. It is customary to assume the size of the pin in the preliminary calculations from the above con- 
siderations, as the cost of manufacture is affected more by a change in the size of pin than in the amount of 
material required. 


The allowed extreme fibre stress on steel pins is, by the specifications under which this 
bridge is being designed, 20 per cent more than that specified for iron pins, or 18,000 Ibs. 
per square inch, The pin at joint a will be assumed to be 44% inches in diameter. The 
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allowed bearing pressure per square inch of aB on the pin is 14 X 8300* = 12,450 lbs. 
The stress in the end post is 231,000 lbs., requiring 18% square inches of bearing on 
the pin. The thickness of the bearing required = 183% + 41% = 32 
inches. As the web plates bear on the pin, the amount of addi- 
tional thickness to be provided is 33 — $ = 2§ inches. Plates of 
the following thickness will be used ; two 5; inch and two 3% inch 
» thick on the outside of the web plates, and two ;% inch thick on 
the inside of the webs. They will be arranged as shown in Fig. 
362. Plates 6 are made the same thickness as the top angles. 
WS eee Plates a are as thick as they could be made and leave room enough 
to drive the rivets through the top plate and angles. Plates c have to make up the re- 
quired thickness of bearing, or what is needed beyond that used in the web plates, a and 6. 
Plates ¢ will be the hinge or lap plates (i.e., the ones which extend beyond the pin and 
have a full pin-hole in them). 
327. The Pin Bearing on the Shoe.—The pressure from the dead and live loads on 
the shoe is vertical and is equal to the vertical component of the stress in the end post, @B, 
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Or 231,000 X or = 172,500 lbs. The bearing area required on the pin is 172,500 + 12,450 
= 13.85 square inches. Fora pin 41% inches in diameter a thickness of 13.85 + 4.94 = 2.80 
inches is necessary. A hinge plate 3 inch thick will be used as the outside plate on each 
rib of the shoe. The clearance between the outside of the pin plates on aB and the inside of 
these hinge plates on the shoe must be } inch. The distance between the inside faces of 
the hinge plates must be therefore 17% inches. The distance centre to centre of the ribs of 
the shoe is then 172 + 3 — 174, = 177, inches. It will be noted that each rib of the shoe is 
made 1,% inches thick in order to make them both alike, and to use no plate the thickness of 
which is measured in thirty-seconds of an inch. 

328. The Calculation of the Maximum Bending Moment on the Pin a.—The bearings 
of all the riveted members which connect on the pin ‘a’ have now been determined for the 
assumed pin, and the bending moment on the pin must now be cal- 
culated to see whether this pin is large enough. The centres of 
bearings of the various members will be located as shown in 
Fig. 363. For the bending moment in the horizontal plane the 
pin is considered as a beam between the centres of the bearings 
of aB and loaded with two loads at the centres of bearing of the 
eyebars ad.t 

The horizontal component of the stress in @B is 154,000 
Ibs., and the stress in each bar a@ is 77,000 lbs. The maximum 
bending moment from the horizontal forces on the pin is there- 


158 — 118 


fore 77,000 X ee LE in.-lbs. 


" 


° . . y mates < 
For the bending moment in the vertical plane the pin is F 


considered as a beam between the centres of the bearings of the Fic. 363. 
shoe and loaded at the centres of the bearings of aB. The vertical component of the stress 
in @B is 172,500 lbs., and the vertical pressure on each bearing is 86,250 lbs. The maximum 


bending moment from the vertical forces is therefore 86,250 X AZ Ute oe 72,800 in.-lbs 
: ; lbs. 


The maximum moment on the pin is the resultant of these two moments, or Vi 44,400 ++ 72,800 


ee 64 
* The value of « for aB is 6500 (1 + el] = $300, the member being wrought-iron. See Specifications on p. 322. 


+ Throughout this discussion the members of the truss will be designated by the letters at their extreme ends, as 
shown in Fig. 355. 
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= 162,000 in.-lbs. This requires a steel pin 4,% inches in diameter, allowing 18,000 lbs. per 
square inch extreme fibre stress. The pin 41% inches in diameter will be used. 
329. Joint B—Assume the pin to be 41% inches in diameter, the same as used at a. 
The thickness of bearing required for a@B is 3% inches and for BC is 238,100 + 12,600 = 
: 18.89 + 4.94 = 3.82 inches. The hinge plates on aB will be 
Case put inside and those on BC outside, and in each case will be 
ae eg 


% inch thick. A clearance of one quarter of an inch will be 
left between any hinge plate and the nearest member. The 
packing of this pin and the distances centre to centre of the 
bearings of the several members which attach thereto are shown 
—__._ in Fig. 364. The maximum moment on this pin may occur at 
either of two times: Ist, when the stress in the diagonal Be is a 
maximum, or, 2d, when the stress in af is a maximum. 
ist. When the stress in Be is a maximum.—The stress on Be 
is then 149,400 and the stress on Bd is 20,800 lbs. From the 
polygon of forces at this point, Fig. 365, we get the corresponding 
stresses in aB, BC. The vertical forces are Bb = 20,800, Be = 
Fic. 364. 111,600, and aB = 132,400 lbs.) The maximum vertical moment 
is therefore 10,400 X 375 + 55,800 X I$ = 136,500 in.-lbs.* The horizontal forces are be = 
99,600, aB = 118,200, and BC = 217,800 lbs. The maximum horizontal moment is 49,800 X 
275 + 59,100 X $$ = 152,800 in.-lbs.- The resultant mo- 


BC 


ment is Vv 7136,500° + 152,800 = 205,000 in.-lbs., requiring 5d 
a steel pin 44% inches in diameter. 
2d. When the stress in aB is a maximum. The stress 

on Bb is 72,200 and on aB = 222,400 Ibs.* From the Be aB 
polygon of forces acting at this joint we get Be = 125,800 
and BC = 232,100lbs. The vertical forces are aB = 166,100, 
Bb = 72,200, and Bc = 93,900 lbs. The vertical moment 
is 36,100 X 32 + 46,950 X 1$ = 198,600 in.-lbs. The 
horizontal forces are aB = 148,300, Bc = 83,800, and BC = 232,100 lbs. The horizontal 
moment is 41,900 X 27, + 74,150 X 33 = 141,600 in.-lbs. The resultant moment is 


Fic. 365. 


V/ 198,600 4 141,600 = 244,000 in.-lbs., requiring a steel pin 5,3, inches in diameter which 
will be used. a 
A smaller bending moment could have been obtained for this pin by putting the bars Bc outside of aB 


and BC, but it is always preferable to pack the bars inside in order to avoid cutting off the horizontal legs 
of the bottom angles of BC, which would have to be done to get the bars close to the bearings of aB and BC. 


The thickness of the bearings required for a@B and BC will be a little less than what was 
needed for the 418-inch pin assumed, but owing to the requirements for clearances in the fit of 
aB and BC together on the pin the thickness used will be maintained. 

330. Joint C.—A pin 47% inches in diameter will be assumed in order to use small heads 
on the 5-inch eyebars. The bearing for this pin on CD must be thick enough to stand the 
pressure caused by the horizontal component of the maximum stress in Cd. The stress in BC 
is transferred to CD directly by a butt joint. The allowed bearing pressure per square inch 
is 8400 X 14 = 12,600 lbs. The bearing area is 52,000 Bz 12,600 = 44 square inches, or for 
a 47;-inch pin the thickness required is 4$ + 475 = 15 inches. The web plates of CD are 
each 7 inch thick, and the splice plates which rivet to BC and CD to hold them in position 
at the butt joint are each $ inch thick. There is necessarily more bearing at this point than 


* The dead load concentration at this joint is neglected in these computations, 
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is required. The bearing required for Ce is 64,400 + 12,100 == 5% square inches. The thick. 
ness required is 53 + 4,4 = If¢ inches. One plate 2 inch thick will be used on each side of 
the post, making the centre to centre of the post bearings 10% inches. The usual packing 
of a top chord pin is as shown in Fig. 366, which is a sketch of the joint C. The maximum 
moment on the pin occurs when the diagonal Cd has its maximum stress. The forces acting 
on the pin then are Cd = 77,800, Cc = 64,400, CD = 51,900 horizontal and CD = 6400 vertical 
(assuming the dead load panel concentration to be applied at the bearings of CD). The 
vertical forces are Cd = 58,000, Cc = 64,400, CD = 6400, and the vertical bending moment is 
3200 X 233 + 29,000 X +$ = 34,900 in.-lbs. The horizontal forces are Cad = 51,900 and 
CD = 51,900, and the horizontal bending moment is 25,950 X 148 = 38,100 in.-lbs. The 


resultant bending moment is V 34,900 + 38,100 = 51,700 in.-lbs. This would allow the use 
of a 3,,-inch pin, but a pin 34% inches in diameter will be used, as this is the smallest pin 
allowable for a 5-inch bar. The thickness of the bearing plates for Cc will be 53 + 348 = 18 
inches. One plate 44 inch thick will be used on each side of the post. 


——-15 Kgl! 


Fic. 366. Fic. 367. 


331. Joint D—A pin 318 inches in diameter will be used and the pin packed as shown 
in Fig. 367. The counter-ties are put on the middle of the pin, the webs of the channels in 
Dd being cut to let them pass. As there is only one rod each way, the bars are necessarily 
packed off of the centre, but the stresses in them are so small that the effect is insignificant. 
The bearing on the pin required for Dd is 19,500 = 12,900 = 1.51 square inches or % inch 
thick. One plate % inch thick will be used on each side of the post. 

332. Joint d.—A pin 5,8, inches in diameter will be assumed. The only member for 
which the bearings must be determined is Da. The maximum stress in the post at the 
bottom is 78,600 lbs., and occurs when the floor-beam has its maximum concentration 
from the live load. The dead load panel concentration is also assumed as acting at the 
centres of bearings of Dd. The allowed bearing stress per square inch on the pin at the 
foot of the post is 14 x 65001 a) = 12,100 Ibs. The bearing area required is 

) 
78,600 + 11,100 = 7.08 square inches, or 7.08 + 53%; = 1$ inches thick. Two plates each 
inch thick will be used on each side of the post. The packing of the several members o 
the pin will be as shown in Fig. 368. 

The maximum bending moment occurs when cd has its maximum stress. The stresses 
then are cd. = 238,100, cd’ = 234,500, Cd = 47,200, C’d’* = 82,700, and Dd = 74,500 lbs. 


Here the primed letters represent corresponding joints on the right of the centre of the bridge 


3 
8 
n 
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The vertical stresses are Cd = 35,200, C’d’ = 309,300, and Dd = 74,500 lbs.. The hori- 
zontal stresses are cd = 238,100, cd’ = 234,500, ‘Ca = 31,500, and 
C’d’ = 35,100 lbs. The vertical moments are as follows : 


About Cd = 19,650 X 18 = 18,400 inch-pounds. 
“Dd = 19,650 X 27%, + 17,600 X 14 = 74,300 inch-pounds. 


The horizontal moments are as follows: 


About ¢’d’ = 119,050 X 14% = 215,800 inch-pounds; 
“ C’d@’ = 119,050 X 3,8, — 117,250 X 18 = 218,300 inch- 
pounds. 
Cd = 119,050 X 4% — 117,250 X 28 — 17,550 X 44 — 
203,500 inch-pounds. 


“ 


The resultant bending moment at Dd is¥ 74,300 + 203,500°= 
217,000. The maximum bending moment is at C’d’ and is due 
to the chord stresses alone. The diameter of the smallest pin 
which could be used without exceeding the allowed extreme fibre 
stress is 5;', inches. 5,3; inches will be the diameter of the pin 
used. 

333- Joint e.—In order to keep the sizes of the pins as 
nearly alike as possible a pin 5,3 inches in diameter will be 
assumed. The thickness of bearing for Cc must be determined. 
The allowed bearing pressure per square inch on the pin for the foot of the post is 


: 28,800 
14 xX 6500 (1 + Tae 


Fic. 368. 


= 12,200 lbs. The maximum stress in the post delow the floor-beam 


is equal to the vertical component of the maximum stress in Be. The minimum stress is the 
' vertical component of the dead load stress in Bc, assuming as is cus- 
I bee: ae tomary that the dead load panel concentration is applied to the pin 


through the post. The bearing area required at the foot of the 
post is 111,500 + 12,200 =9.14 square inches. The thickness of 
bearing is 9.14 + 538; = 142 inches. One plate 3 inch thick and 
one plate 3% inch thick will be used on each side of the post. 
The packing of the members on the joint will be as shown in Fig. 
369. 

There are two cases to be examined for maximum bending 
moment: Ist, when Bc is a maximum, and 2d, when dc is a maxi- 
mum. 

ist. When Bc is a maximum.—tThe stresses then existing are 
Be = 149,400, Ce = 111,500, bc = 123,800, and cad = 223,400: Ibs. 
The vertical forces are Be = 111,500 and Ce = 111,500. The ver- 
tical bending moment is 55,750 X 12% = 102,800 in.-lbs. The 
horizontal forces are Bc =: 99,600, 6c = 123,800, and cad = 223,400 
Ibs. The horizontal moments are: 


" 


—14% 


[= ee ee 


About cd = 61,900 X 1% = 100,600 in.-lbs., 
Fic. 369. “ Be = 61,900 X 3¢ — 111,700 X 1$ = 19,700 in.-lbs. 
The resultant bending moment at any point of the pin between the bearings of Cc is 


V102,800° + 19,700 = 104,700 in.-lbs. 
2d. When bc is a maximum.—The stresses then existing are Be = 120,300, bé-= 153,000; 
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cd = 234,100, and Ce = 89,800 Ibs. The vertical 1orces are Bc = 89,800 and Ce = 89,800 lbs. 
The vertical bending moment is 44,900 X 133 = 82,800 in.-lbs. The horizontal forces are: 
Be =80,200, b¢ = 153,900, and cd = 234,100. The horizontal bending moments are° 


About cd = 76,950 X 1% = 125,000 in. Ibs. 
“ Be = 76,950 X 3k — 117,050 X 18 = 59,900 inch-lbs. 


The resulting bending moment at any section of the pin between the bearings of Ce is 


af 82,800 + 59,900 = 102,200 in.Ibs. A pin 47% inches in diameter, the smallest allowable 
for a six-inch eyebar, will be used at this joint. The thickness of the pin bearing for Ce will 
be increased to 9.14 + 4.44 = 2.06 inches, One plate 3 inch thick and one plate +¢ inch 
thick will be used on each side of the post. 

334. Joint b.—In order to understand the packing of this joint and the critical stresses, 
it is necessary to completely design the details of the 
hanger Bd to which the floor-beam and lateral rods are 
attached. Fig. 370 is the detail sketch of this joint: Ue 
floor-beam is riveted toa plate, A. This plate A is held 
up by the bars Bb, The lateral rods are attached to the 
lower flange of the beam. The permissible tensile stress 
per square inch on the floor-beam hanger, as plate A is 
called, is 5000 Ibs. per square inch. The stresses in the 
plate around the pin 4, are similar to those in an eyebar 
head. The net area of the plate A at a horizontal section, 
BC, through pin 4, must be at least 25 per cent in excess of 
the net area required at 5000 lbs. per square inch. The 
net area of the vertical section above the pin J, and on the 
line joining the pin centres of 4, and B must be three 
quarters of the net area of the horizontal section BC, as 
the tensile stress on this area acts perpendicular to the 
fibres of the iron, and wrought-iron is about two thirds as 
strong in tension across the grain or fibre as it is with the 
grain. The bearing of the pin 4, on the hanger A must 

12,800 ; 
rae 


— 


not exceed the specified stress of 6500 (1 + 


11,500 lbs. per square inch. 

The hanger is subjected to a bending stress from the 
chord component of the lateral rods ad’, bc’.* This stress 
is transferred to the pins J, and 4 by the plate A. The 
part transferred to the pin 4, is taken up by the rods a, or 
bcand Bd. The stress from this cause in BA is small and 
always neglected in determining the area of Bod. The 
areas of the rods ad,, 4,¢ are determined by this stress 
alone. The part transferred to the pin 0 is taken up by 
the chord bars dc. 

See. The pin 4, is 34% inches in diameter. The bearing 
required on this pin is 72,200 + 11,500 = 6.29 square inches, or 1.6 inches thick. The net 
area of the hanger required at a horizontal section at the top of the beam is 72,200 + 5000 = 
14.44 square inches, which is satisfied by using a plate 16 X Ig inches, making allowance 
for two #-inch rivet-holes. The net area at the section BC must be 14.44 X 1.25 = 18.05 
square inches, requiring a plate 16 X 14 inches, making allowance for the reduction of 


* Here the primed letters represent corresponding joints in the other truss. 


a 
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the available area by the pin-hole. The bearing requires 1.6 inches thickness. The plate A 
will be built of two plates 16 x 4 and 16 x 5%, inches each. The required bearing on pin 
6, and the area of the section BC will be satisfied by the addition of two plates, d, 3 
inch thick, one on each side of A. The area of the vertical section above the pin 4, 
must be # of 18.05 = 13.54 square inches. The total thickness of plates A and d@ now is 
vs + # = 143. The distance from the top side of the pin-hole 4, to the. end on the hanger 
must be, in order to give the required area of 13.54 square inches, 13.54 + 1.81 = 7.5 inches. 


The chord component of the stress in the lateral rod ad’ is 61,400 X 5 = 51,700 Ibs. 
29. 


5 
causing a stress in the rods 4,¢ of 51,700 Saas 74 Ay See = 7900 lbs. One rod one inch square 
is the smallest rod allowed, and this size will be used for 0,c and ad, The bending moment 


7900 X 145 
4 


on the pin d,¢ will be = 2840 in.-lbs. A pin 1,3; inches in diameter will be used. 


The plates d are extended to take these pins, making the distance centre to centre of bearings 
for the pins 1,4, + $ = 14%, as used in the above computation. 
514700 03) aie 
74 

= 484,200 in.-lbs. The permissible fibre stress per square inch will be taken as 12,000 lbs., 
the maximum stress allowed on short columns for the lateral system. The bending moment 
requires a plate 16 inches wide and 1% inch thick. Plate A will be made 1; 5 inches thick 
throughout. 

Pin 4 may now be determined. As there are no members on this pin for which the 
bearings must be proportioned, the bending moment may be computed and the required pin 
selected at once. The packing of this pin is shown in Fig. 370. 


The maximum bending moment on the plate A from the lateral rods is 


The bars aé and dc are put so far from the hanger 4 because it is desirable to have the bars coincide as 
nearly as possible with straight lines drawn from the centre 
of each bar on the pin a to the centre of each bar on pin ¢. 
This will cause the least deviation of the bars from a line ~ 7) ft : z ; 
parallel to the centre line of the bottom chord. It is a i—}— | 
common requirement of good construction that the bars | | 
run as nearly parallel to the centre line of the chord as prac- | a: i 
fete 
| 


1 
3 : He 
ticable. If the bars deviate from a line parallel to the centre | ames ee 
line of the chord more than one eighth of an inch to the cae 
foot, the bars must be bent or the pin-holes in the bars 
bored as shown in Fig. 371. This involves additional ex- | 
pense and is not desirable construction. Fic. 371. 


The vertical moment on the pin due to the weight of the chord bars alone is small and 
will be neglected. The maximum horizontal bending moment on the pin from the dead and 
live load stresses in the chords a@, dc is 76,950 X 144 = 110,700 in.-lbs. This would require 
a steel pin 34 inches in diameter. The chord component from the wind stress in the lateral 


6 8I ; s 
rod ad’ causes a bending moment of 51,700 X - x = = 196,000 in.-lbs., making a total 


bending moment of 110,700 + 196,000 = 306,700 in. -lbs. from the dead, live, and wind 
stresses. For this combination it is usual to increase the permissible extreme fibre stress ES 
square inch one half, or in the present case to 27,000 lbs. This would require a steel pin 41% 
inches in diameter which will be used. 


lel am X 38 _ = 56,400 in.-lbs. 


The bending moment on the pin 4, is 


The sizes of all the truss pins have now been determined, and the next problem is to 


338 MODERN FRAMED STRUCTURES. 


determine the lengths and number of rivets required for the bearing plates on the various 


members. 
335. The Lengths of Bearing or Pin Plates are determined by the following con- 


siderations: : 
ist. Each plate must be long enough to take sufficient rivets to transfer the stress in the 


plate to the main section. 


The stress in a pin plate may be the accumulated stresses in a number of plates outside of the plate in 
question, but which must pass through this plate to reach the main section. Where there are a number of 
plates the stress per square inch on the plates nearer the main section increases slightly, hence it is always 
_ better to use the thicker plates nearest the main section. 

It is not sufficient to merely put the required number of rivets through the plate, but there must also be 
enough rivets to resist any bending moment due to an eccentric application of the stress with respect to the 
centre of the group of resisting rivets. In order to fulfil this requirement it is often necessary to use more 
rivets than the number determined by dividing the bearing stress on the plate by the value of one rivet. 


ad. The distance from the edge of the pin-hole to the end of the plate must always be 
great enough to offer sufficient resistance against splitting on the line 
AB,Fig. 372, the dangerous section being the one which has the least net 
area or is the most cut up by rivet-holes. 

The best way, probably, to determine the distance C, Fig. 372, is to consider the 
plate as a beam balanced over the centre of the pin and acted upon by forces each 
equal to the value of one rivet applied at the centres of the rivets. 

It is a safe rule to make the width of pin plate not less than three fourths of the 
Fic. 372. length. This question is often overlooked in designing, but even as a question of 

appearance only it deserves attention. 


3d. At least one pin plate on each web plate must be used to reinforce the web plate 
until the stresses are distributed over the entire area of the member. Thus, in @B, the entire 
stress is first received from the pin on the pin plates and web. The top plate and angles 
must receive their proportion of the stress through the rivets connecting them to the web 
plates, and until this stress is transferred the web plate alone would not be sufficient to take it 
without being subjected to a greater stress than is allowed. The amount of stress taken by 
the top plates and angles of aZ is such a proportion of the total stress on af as the area of 
the top plate and angles is of the total area, or 101,300 lbs. To transfer this amount 
requires thirty-four rivets in single shear, the diameter of the rivet being # inch. It will 
readily be seen that it is advantageous and economical to use as many rivets in double 
shear as possible in order to transfer this stress in the shortest distance. For this reason 
plate a, Fig. 373, was made wide enough to take the rivets through the top angles. The 
shortest rivet spaces allowable should always be used at the ends of compression members and 
continued until the stress has had an apportunity to distribute itself over the entire area of 
the member. Plates 4, Fig. 373, are made long in order to reinforce the web plates. 

336. Pin Plates on a@B at Joint a.—The pin plates are a, 3% inch thick, 0, 3% inch thick, 
and ¢, 3% inch thick (see Fig. 373). The number of rivets through these plates attaching them 
to the main section of the end post is as follows: 


231,000 X -5 
Plate @../.. ee 1% — 10,250 + 3000 = 7 $-inch rivets in single shear. 


x) 
GOS... ae = 34,650 + 3000 = 12 “ 6 66 


231,000 X +3 
66 (BBO ee — 34,650 a 3000 = 12 66 Ge 66 (v4 66 
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This number of rivets will be sufficient if the centre of the group of resisting rivets is on 
the centre line connecting the pins @ and &. In addition to the above it must be observed 
231,000 X (7's + 75) 

34 
a and 6 to the main section, and finally there must be enough rivets attaching a, 6, and ¢ to 
the main section to transfer the total bearing pressure on the three plates to the main section 
without exceeding the allowed dearing pressure of rivets. 


that there must be = 53,900 + 3000 = I8 rivets in single shear attaching 


eee 
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In plate a thirteen rivets are used. This is more than would be necessary for this plate, 
but if the plate were shortened 3 inches both the first and second conditions mentioned as 
determining the length of pin plates would not have been fulfilled. Plate 6 is made long in 
order to stiffen the web in accordance with the requirements of the third condition. Plate c 
has seventeen rivets, which is a few more than necessary to fulfil the first condition, but if it 
were made 3 inches shorter and only thirteen rivets used the rivets would be overstressed. 
Plate ¢ is also the hinge plate. The distance from the edge of the pin-hole to the end of 
the plate should be not less than 2 inches. 

337. Pin Plates on aB at Joint B.—The plates are a, ;% inch thick, 6, $ inch thick, 
and c, 8 inch thick. Plate c is the hinge plate. Assuming the centre of the group of resisting 
rivets to be on the centre line joining the pins a and 4, the number of rivets required to attach 
these plates to the main section singly is as follows: 


231,000 X 7% 


Plate @2 4.6 = 34,650 + 3000 = [2 rivets in single shear. 
ae 
231,000 x $ (t3 6 “6 &“ 
Ce = 0,000. 3000 = TI 
34 
231,000 X 2 - 
Cac, se ad TACO 66000 = Sage ia eS « 
4 


Fig. 374 is a detail sketch of the bearing of aB on pin B. Plate a is made long enough 
to fulfil the third condition. Plate d has twenty-two rivets attaching it to the web plate. As 
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” FIG. 374. 


6 must have enough rivets to transfer the bearing pressure on both and «¢, it will be seen that 
it is as short as it could have been made. Plate cis the hinge plate, and has ten rivets when 


but eight are necessary. 
338. Pin Plates on BC at Joint B,—The plates are a, & inch thick, 6, 8 inch thick, 
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¢, zs inch thick, and d, 3 inch thick. Plate a is the hinge plate. The number of rivets required 
to transfer the stresses on these plates to the main section is as follows: 


BIACO 2. we ele wine es wee = 23,040 + 3000 = 8 3-inch rivets in single shear. 

238,100 x o ce ee “é “cc 6c 
IALCS a aNG.U oesie 6 ae 46,080 -- 3000 = 16 

8 

238,100 X 1,3, ie Ge te & 

Platesia, 0, and ¢.. .. a a 72;970 == 3000 = 25. 
8 

238, 2 : 

Plate ds.0-\o.0) 4 eee = 23,040-+3000= 8 “§ “ & # 4 


Fig. 375 shows how the conditions determining the lengths of pin plates for this joint 
are met. 


Fic. 375. 


339. Intermediate Top Chord Joint.—The top chord sections are spliced as shown in 
Plate I. The splice plates on the web usually take one or two rows of rivets beyond the 
splice. The splice plate on the top plate usually has but one row of rivets. The duty of the 
splice is to hold the spliced sections truly in line, and is not relied on to transfer any of the 
stress. The ends of the joined sections are planed off in order to secure a perfect bearing 
throughout the joint; the transfer of the stress is supposed to be done by the abutting 
ends. The position of the splice is determined as follows: The splice must be as near the pin 
as possible, and also there must be clearance enough to allow the field rivets through the web 
plates to be driven easily. The splice is usually located by the clearance lines of the post or 
tie-bars, as they are the only members which interfere with the driving of the field rivets. It 
is customary now to make the splice on the side of the joint nearer the end of the truss, but 
this is dependent upon the method of erection. 

340. Post Cc.—At the top pin, C, the bearing of this post is as previously given, I+ inches 
thick, and is made up of two plates $ inch thick, one on each side of the post. The stress 
on each plate is 32,200 lbs., requiring eleven 3-inch rivets in single shear to transfer this stress 
to the channels. Twelve rivets are used in each plate, or six through each plate and flange of 
the channel. 

At the bottom pin, c, the required bearing is 2.06 inches thick, and one plate 2 inch 
and one plate 44 inch thick are used on each side of the post. On the side of the post 


nearer the track the 3-inch plate is extended in order to attach the floor-beam to it. The - 


° : ; . 11,500 X +4 
number of rivets required to attach the 14-inch plate is aie = 36,100 + 3000 = 12. 
The number required to attach the two plates on one side of the post to the channels is 
55,750 + 3000 = 19. Twenty rivets will be used through the pin plates and channel flanges on 
the outside of the post, and on the inside, or track side, the rivets will be spaced to match 
the floor-beam rivets. See Plate I. 

354. Post Dd.—At pin D the bearing used is 2 inch thick, or one g-inch plate on each 
side of the post. The number of rivets required to attach one of these plates to the flanges 
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is 9750 + 3000 = 4. Six rivets are used through each flange of the channels and the pin 
plates, as the pitch is usually kept constant at 3 inches centre to centre of rivets and the 
plates are extended so as to take at least two rivets beyond the point where the web of the 
channels is cut to allow the counter-rods to pass. 

At pin @ the bearing is 13 inches thick, made up of four plates each $ inch thick, two on 
each side of the post. One of the plates is extended upwards, to take the floor-beam con- 
nection. The number of rivets required to attach one 32-inch plate is 19,650 + 3000 = 7, and 
the number required to attach the two plates on one side of the post to the channel flanges is 
39,300 + 3000 = 14. 

342. The End Shoes are shown in Fig. 376. The thickness of pin bearing required has 
been found to be 23 inches thick. The bearing pressure on the masonry is limited to 300 lbs. 
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per square inch, requiring 575 square inches. The number and length of rollers under the 
shoe at the expansion end is determined by the formula ~ = 250d, where f is the allowed 
pressure per linear inch on the roller and d is the diameter of the roller. For d= 3, p = 750. 
Therefore 172,500 -- 750 = 230 inches of 3-inch rollers are required. 

The height of the shoe from the sole plate to the pin must be enough to make the ribs of 
the shoe stiff enough to distribute the pressure uniformly over the masonry or the rollers. 
The sole and bed plates are usually made ¢ inch thick and large enough to give the required 
bearing area on the masonry. The end reactions of both lateral systems must be transferred 
to the masonry through the shoe. This requires that they be stiff laterally. This stiffness is 
usually obtained by the use of a web connecting the two ribs of the shoe, or by a plate over 
the ends of the ribs corresponding to the top plate of the end post. 

343. Tie Plates and Latticing.—The specifications require that the tie plate shall be 
long enough to take one quarter’ of the total stress on the member through the rivets in one 


238. : & : 
segment. This requires plates on a or BC long enough to take We 3000 = 20 rivets 


or 5 feet long. The thickness of the tie plates is also limitcd to one fortieth of the distance 


342 MODERN FRAMED STRUCTURES. 


between the rivets in the two segments which the tie plate joins. For the end posts and top 
chords this requires plates 3 inch thick. 


The usual specification for tie plates requires that they shall have a length equal to one and a half 
times the width of the member. For aZ& this would be 33 inches. A good rule, and one which requires 
less material, is to make the tie plates on the inclined-end posts, vertical posts, and on the top chords, at 
the extreme ends only, square, and those at the ends of the intermediate top chord sections 12 inches wide 
The thickness need never be over 3 inch, and when the distance between the rivets connecting the plates to 
the two segments is over 20 inches, stiffener angles may be riveted on the plates and a saving in material 
made. 


The pin plates on the vertical posts serve the purpose of tie plates. 

The width of lattice bars is fixed by the specifications at 24 inches for the end post and 
top chord, 2} inches for post Cc, and 2 inches for post Dd. The thickness is limited to one 
fortieth of the distance between rivets for single lattice, and one sixtieth of this distance for 
double lattice riveted at the intersection of the bars. Bars 24’’ x 3” will be used for aB, BC, 
and CD, 24” x 3” for Ce and 2” X +8". for dD. The tie plates for the top struts will be 
made, as usual, 6 inches wide and ;; inch thick, the lattice bars 2 inches by 3% inch. 

344. Details of the Floor-beams and Stringers were determined when the calculations 
were made of the flange sections. The number of rivets required in the connections of the 
stringers to the beams and of the beams to the posts were previously computed. The detail 
sketches will sufficiently explain the mode of construction. The end stringers must have 
bearing enough on the masonry to keep the pressure within the specified limits. They must 
also be braced together by an X-frame. This detail is shown completely in Plate I. 

345. The Details of the Lateral System.—The lateral bracing may be truly said to 
be the dée noir of the bridge designer. It is impossible to make any attachment to the 
trusses which will cause no secondary stresses. The method of attaching the top lateral 
system used for this truss is one of the best in use, but advantage is taken of the fact that the 
stresses are small and the members of the truss which act as chords for the wind truss are 
large and very little affected by an eccentric attachment. The details of the lower lateral 
system are very common practice and may be said to be as good as any in common use. The 
attachment was made so far from the lower chord in order to avoid cutting away the lower 
flange angle of the floor-beam to let the tie bars pass. This will be understood by referring 
to the detail sketch of joint c. This eccentricity produces a bending moment in aB, Cc, and 
Dd practically equal to the chord component of the lateral rod into the distance from the 
plane of the lateral system to the plane of the lower chord pins. A careful analysis of the 
resulting stresses will show, however, that the stresses per square inch in these members is 
within the allowed limits for lateral stresses. The details of the pin bearings and the sizes of 
the pins should be carefully computed by the same methods as those used for the main truss, 
The attachment to the truss should always have sufficient rivets to take the maximum chord 
increment, which equals the chord compcnent of the largest rod at the point, and the attach- 
ment to the strut or flange of the floor-beam should have sufficient rivets to take the maximum 
shear at that point. These details will be left to the student to proportion. 

Complete detail sketches of this span are shown in Plate I. 
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346. Definition and General Remarks.—Under this general classification of highway 
bridges is included all bridges used for roadway purposes alone. The factors which control 
the design of this class of bridges are very different from those affecting the design of a rail- 
way structure and make it well-nigh impossible to treat of the highway bridge in general, as 
each structure usually presents a different problem. The probable maximum live loads in 
quantity, kind, and frequency of application, the expert attention which the bridge will re- 
ceive, the ability of the community to pay fora bridge of a capacity beyond their present needs, 
and, in some cases, the appearance of the bridge when completed are some of the factors 
which enter into the problem and which the engineer must consider. Usually the lightest 
structure consistent with absolute safety and one which will require little or no expert atten- 
tion is required. The economical design of the trusses and of the details of construction 
result in a larger percentage of saving in a highway than they do in a railway span and are 
therefore of supreme importance. Where the light live loads and consequently light trusses 
of the usual highway bridge are taken into consideration it will be seen that for maximum 
economy of material close, careful, and intelligent designing is necessary. It is claimed to 
the credit of those engineers who have made this branch of bridge designing a specialty that 
the highway bridges of this country show more commendable economy of design than do the 
railway structures. It is a fact that our highway bridges are our only bridges on which much 
effort has been spent to make the design neat and pleasing in outline. 

347. Live Loads.—The live loads which may come upon a highway bridge are a crowd 
of people, the maximum weight resulting from a closely packed throng being 85 lbs. per 
square foot, and any concentrated load due to the passage of a heavy wagon or other vehicle 
over the bridge. In estimating the live load resulting from a crowd of people the probability 
and also the possibility of a closely packed crowd covering all or part of the span must be 
taken into account. A good rule is to assume a live load from this cause of 100 lbs. per 
square foot for spans of 100 feet and under, and 50 lbs. per square foot for all spans over 250 
feet, and to reduce the weight per square foot uniformly from 100 to 50 Ibs. as the span varies 
from 100 feet to 250 feet. Consistency would require that the partzal loads of the longer spans 
be increased as the length of the load decreases in the above ratio. The above specification 
would be for bridges subjected to city traffic, and the upper limit of roo lbs. for a span of 100 
feet may be reduced for bridges in localities where there is no probability of such dense 
crowds. The width of the bridge determines to some extent the probability of there being 
such a weight of people on it. 

The concentrated loads are estimated for the special locality and should always include 
probable heavy loads which the development of the adjacent territory may make necessary. 
There is, however, a great waste of material in bridges now due to the specification of heavy 
and improbable, if not impossible, loads. 

348. Dead Loads.—The fixed or dead load for a highway span consists of the weight of 
the iron in the span and of the floor and guards. Owing to the great variety of floors used 
and the differing specifications as to unit stresses and details, no general rule easy of applica- 
tion has yet been formulated for the weight of iron in highway bridge spans under the various 
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conditions and specifications. For the ordinary truss span with iron trusses, bracing, and 
floor-beams and with stringers or floor joists of wood the weight of iron per foot of span with 
a live load capacity of 1200 lbs. per linear foot is closely approximated by the formula 


w= 2/-+ 50, 


where w = weight of iron per linear foot, and 7= the length of the span. This weight does 
not include the handrails. Each line of handrail weighs usually about 25 lbs. per linear foot. 
The weight of the joists and flooring can be determined readily from the sizes used. This 
formula may be used to approximate the weight of iron in spans of a capacity greater than 
1200 Ibs. per foot by increasing the weight per foot in the same ratio as the capacity is 
increased, assuming the floor to be as before, plank laid on wooden stringers or joists. 

349. The Various Styles of Floors Used are as follows: 

Ist. Plank in one or two layers on wooden joists. 

2d. Plank laid on iron joists and a wearing surface of wooden blocks used. 

3d. Iron joists covered with corrugated iron or buckle plate on which is laid a bed of 
concrete to receive the wearing floor of asphalt, granite block, or vitrified brick. 

The joists in the first and second cases are spaced from two to three feet apart, depending 
upon the thickness of the plank flooring and the concentrated loads which may come upon 
the bridge. For the third style of floor the joists are spaced as far apart as the strength of 
the corrugated iron or buckle plate flooring will permit. The standard size of buckle plates 
and the capacity per square foot for different thicknesses may be obtained from the manufac- 
turers on request. The joists for this style are usually spaced three feet or more centre to 
centre. 

350. Iron Handrails or Fences.—The ordinary height for iron handrailings is 3 feet 
g inches from the floor level to the top of the handrail. They should be stiff enough to 
resist any probable force which would tend to bend them out of line or knock them down. 
Nearly all the standard handrailings used on bridges will fulfil this requirement if braced at dis- 
tances apart of about 8 fect. The lattice work should be made so that the openings in the 
fence are not over 6 inches square for the lower half of the fence, and the bottom rail should 
be within 6 inches of the floor line. 

351. The Allowed Unit Stresses for Highway Bridges are usually 25 per cent 
higher than those allowed in railroad structures. The maximum load for which this kind of 
a bridge is designed is usually rarely applied, and even then its impact is not as destructive as 
that of a moving train. Wherever the stresses from the assumed loads on a highway bridge 
are liable to occur frequently and where the impact is appreciable, as in the case of street cars 
for example, there is no reason why the allowed stresses should differ from those sanctioned 
by railroad engineers. 

352. The Details of Highway Bridges should be designed with the same care and 
with more attention paid to the non-eccentric connection of the several members meeting at 
a joint than would be given to the design of railway bridge details. The members of the 
truss are usually smaller and the margin of safety, due to the use of higher unit stresses, is 
less, so that the secondary stresses caused by eccentric connections have a more destruc 
tive effect than they do for a railway bridge. As the details and “non-effective” material 
such as tie plates and lattice bars are quite a large percentage of the material in a span, it 
is commendable economy to design very close to the required limits. 
customary sizes of lattice bars and the spacing of the same are given. 

353. The General Dimensions to be given toa highway bridge are usually determined 
by local conditions. The width of roadway is usually made a multiple of 8 feet for each car- 
riageway. The width of the roadway and sidewalks to be provided depends upon the traffic, 
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as it is desirable to make them wide enough to prevent continual crowding during those hours 
of the day when the traffic is the greatest. The sidewalk is not often made less than 4 feet 
wide, or the roadway less than 12 feet. Wheel guards must be placed on the floor on each 
side of the roadway and so located that when the wheel of a vehicle is running close against 
it the hub or any part of the vehicle will not strike the iron work of the trusses. This is 
generally accomplished when the guard is made 6 inches wide. 

The overhead clearance or the distance from the top of the floor to the under side of the 
top lateral bracing for through bridges should be 14 feet or over to allow high loads to pass 
through. A farmer’s load of hay will pass through the ordinary barn door, which is 12 feet 
high in the clear. 

354. The Panel Length of a highway bridge in which wooden joists are used is 
limited to 20 feet or less, depending on the maximum concentrated load which the joist has 
to carry and the size of joist obtainable. Joists 14 inches high are common sizes and are 
cheaper than those of greater depth, so that ordinarily the length of panel is limited to that. 
which is the maximum span over which this size will carry the load. For bridges with iron 
joists the panel length can be varied to obtain the maximum economy in iron alone. Where 
the joists are supported on the top flange of the floor-beam, as is usual, the size of joist to use 
may be determined by the permissible fibre stress alone. If the joists are iron and placed 
between the beams, like the stringers of the span designed in Chapter XXI, they should not 
be less than one fifteenth of the span, owing to the excessive deflection of shallower joists 
loosening the rivets in the connection between the joist and the floor-beam. 

355. The Kind of Construction usually employed in highway bridge construction is 
I beams or plate girders for spans under 30 feet and riveted or pin-connected trusses for 
longer spans. The “low” truss or half through bridge is employed for spans of 70 feet and 
under. Where, however, a deck bridge can be used it is always preferred to the through, as it 
leaves the deck or floor unobstructed. 

356. The Design of a Highway Span.—The length centre to centre of end pins will 
be 105 feet, the panel length 15 feet, and the depth 20 feet. The roadway will be 16 feet 
wide and the two sidewalks 5 feet wide in the clear. The live load will be assumed at 2400 
lbs. per linear foot of bridge. A concentrated load of 10,000 Ibs. on two axles 6 feet apart 
will also be provided for. The allowed unit stresses will be as follows: 


Wrought-iron in tension, 12,000 lbs. per square inch. 


Steel in tension, 15,000 (3 13 6 6 Ss 
eaters 7 "10,000 : 
Wrought-iron in compression, ———j- lbs. per square inch, 
apes 
tg a 


where /= length of member in inches, g = least radius of gyration of the mem- 
ber in inches, and a = 36,000 for two flat ends, 24,000 for one pin and one flat 
end, and 18,000 for two pin ends. 
The extreme fibre stress on steel pins, 22,500 lbs. per square inch. 
The bearing stress on pins and rivets, 15,000 “ “ 
The shearing stress on pins and rivets, 9,000 
The extreme fibre stress on yellow pine or white oak, 1200 lbs. per square inch. 
For stresses in the lateral system increase the above 50 per cent. ; 
357. The Design of the Floor.—The roadway floor will be assumed to be three-inch 
white oak plank laid on yellow pine joists. The three-inch plank will be laid transversely, and 
one plank 10 inches wide will carry one wheel of the concentrated load 30 inches without 
exceeding the allowed fibre stress on white oak. Eight joists will be used, spaced 16+ 7 = 


“6 66 “ “6 
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2.29 feet or 2 feet 3 inches apart centre to centre. The joists will be figured to carry 
a live load of either 100 lbs. per square foot or the concentrated load specified. Each joist 
will have to carry one quarter of the total weight of the concentrated load, as the floor plank 
are stiff enough to distribute the total load over four joists. The dead load on each joist is 
12 lbs. per square foot for the floor plank, and one half of this or 6 lbs. per square foot will be 


me 24 X 18 X 15 X 180 
assumed for the joist. The dead load centre moment on the joist is then —* 3 5 - 


= 13,670 in.-lbs. The centre moment from the 100 lbs. per square foot live load is 


2+ X 100 X I5 X 180 

8 
load is 1000 X 72* = 72,000 in.-lbs. The 100 lbs. per square foot live load produces the 
greater bending moment. The total maximum bending moment, dead and live, is 89,610 in. 
lbs., requiring a joist 3 X 13. The joists are usually sawed to dimensions in even inches, 
and the width for the roadway joist should never be less than three inches. The weight of 
the timber in the roadway floor, assuming the weight of the timber to be 4 lbs. per foot, board 
measure, is as follows: 


= 75,940 in.-lbs.) The maximum moment from the concentrated live 


Ploors plank: 20 pean. he im 3” < 12'-—16 ft, long = As ft. BM — ho2slbs, 
OSES sia fae Mie yaa eight’3” x93 =, ftelong 2 20s ie 
Wiheebouards: \.n se. two 6”: 6"—= pitslong = \61t. BM eee 
Flubiouards  2.ess twos! hx! 18"== ite long a) ae By a 


Or a total of 336 lbs. per linear foot of bridge. 

The sidewalk floor will be two-inch plank laid on three joists for each walk. The live 
load will be taken at 80 lbs. per square foot. The dead load on the joists is 8 lbs. per 
square foot for the floor plank and 4 lbs. per square foot assumed for the joist. The maxi- 
24028 4l Su a OO 

8 
requiring a joist 23 x 12 inches. The weight of the timber in the sidewalk floors is 164 lbs. 
per linear foot of bridge. The sidewalk floor plank are usually extended to close the open- 
ings between the roadway and sidewalks made by the trusses. 

358. The Design of the Floor-beam.—The dead and live loads on the beam are as 


=- 77,600 anelbss, 


mum bending moment, dead and live, on the joist is 


¢ —Live Load 24040 Ibs-——> 
A ie is - Dead—— 8800 Ibs: | 


| | 
ea 3.25 \— = ——$$475—$—————— oe 3225 js 


Fic. 377. 


shown in Fig. 377. The maximum bending moment occurs at the middle of the beam where 
the sidewalks are unloaded and is 64,300 ft.-lbs. The depth of the economical floor-beam, 
using a web plate 4 inch thick and using one eighth of the gross area of the web as available 
equivalent flange area, is 20 inches deep. Assuming the depth centre to centre of gravity 
of the flanges as 184 inches, the flange stress is 41,700 lbs., requiring 3.48 square inches net 
area of lower flange or 2.86 square inches net area in the flange angles after deducting the 
equivalent flange area of the web. Two 3” X 3” angles weighing 17 Ibs. per yard will be used. 
The top flange will be made the same gross area as the bottom flange. The maximum bend. 
ing moment from the overhanging load of the sidewalks occurs at the hanger point and is 
27,000 ft.lbs. The flange angles and web plates will be made in single lengths from end to 


* See Art. gt. For two equal loads, placed a fixed distance d apart, the maximum moment is one fourth @ from the 
centre and under one of the loads, the other load being three-fourths @ on the other side of the centre. 
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end of the beam. The load on the hanger supporting the floor-beam from the truss pin is 
24,400 lbs., and if a unit stress three quarters of that used for long tension members or flanges 
is used it would require one loop hanger 1,3, inches square. 

Referring to Plate II, it will be noticed that the lateral rods are in the plane of the 
top flange of the beam, and that this flange is utilized as the strut for the lateral system. This 
flange is supported laterally every two feet by the joists, so that the allowed stress from the 
combination of live, dead, and wind stresses may be as much as 15,000 lbs. per square inch 
There is, then, no increase of the section of the flange necessary. The floor-beams are riveted 
to the post to transfer the chord component of the lateral rods. The top flange angles are 
extended to take the brace from the handrail. Stiffener or distributing angles should be 
riveted to the web of the beam on each side of the hanger from the truss pin to resist the 
reaction of the floor-beam. This end reaction is 24,400 lbs., requiring 24,400 + 2800 = 9 
#-inch rivets in bearing against the quarter-inch web. Four angles 3” x 2’’ x 1” with two 
vertical lines of five rivets each will be used at each end of the beam. The minimum rivet 
spacing through the flanges allowable is 4 inches, and is computed as follows: The maximum 
shear is 16,400 lbs., the ratio of the moment of resistance of the flanges to that of the web is 
as four to one; hence the amount of flange stress transferred to the flange is four fifths of 
what it would be if the web were neglected, and therefore 49S = rh, or p= me =A Ort 
this formula p = rivet pitch, S = the shear, = value of one rivet in bearing against the web 
plate, and % = distance between the rivet lines in the top and bottom flanges. The rivets 
will be spaced 3 inches apart until the bearing points of the first two joists are passed, when 
the spacing will be changed to 6 inches, using, however, two 3-inch spaces directly under 
each joist bearing to avoid the use of distributing angles. 

359. The Design of the Trusses.—The dead load will be assumed as 2(2 X 105 +- 50) 
= 520 lbs. per linear foot for the iron, 50 lbs. per linear foot for the handrailing, and 500 Ibs, 


Stresses. 
Member. i Z g he Make-up of Section. Area Material, 
Dead. Live. Total. Sipaaas 
ab-c | — 18.0} — 40.5 |-- 58.5] 15.0 Bro Two 24” x 48" bars 4.0 Steel 
ca — 30.0} — 67.5 |— 97.5 es 6.5 Two 4” xX 42” bars 6.5 : 
de — 36.0] — 81.0 ]— 117.0 se 7.8 Two 4” xX 1” bars 8.0 : 
Be — 20.0] — 46.9|— 66.9 fe 4.5 Two a0 > #'" bars 4.5 : 
Cd — 10.0} — 30.0/— 40.0] 12.0 BG Two 24” « Ht” bars 3.4 Iron 
De 0.0} — 16.9/— 16.9 ug 1.4 One 1,8,” square rod 1.4 ie 
Ef + 10.0} — 7.5 0.0 se 0.0 One %” tie rod 0.8 i 
Bob — 6.0; — 18.0;— 24.0 ae DO Two 1” square rod 2.0 i 
OG + 10.0|+ 24.0/4+ 36.0] 7.0] 240” | 2.73” Beat Two 7” tas, 254 lbs. per yd. Bon i 
Dd + 2.0/+ 13.5|+ 155] 5-5 | 240 | 2.0 2.8 use Pica see per yd. 3.6 
ne 12” X } top plate 
Lt ea 8 sé 
0.0 6 Tesi ma eOm SOO) /ale4icO 12.8 Two 9g” <1s, 43 lbs. per yd. Tih 

aB +3 + 7-5 \+ 9 ( Two 24” X sh’" flats : 

: 5 d. 10. A 
BC 30.0] + 67.5 | + 97-5] 9-0] 180 | 3.4 10.8 Two 9” LJs, 54 lbs. per y 2. 
CD nL + 81.0 +117.0] 9.21180 | 3.3 12)7, Two 9" cis, 64 lbs. per yd. 12.8 5 
DE \-+ 36.0/+ 81.0,4 117.0] 9.2 | 180 | 3.3 12a) Two 9” cis, 64 lbs. per yd. 12.8 


The stresses in the table are given in thousand-pound units. -{ denotes compression’ — denotes tension. 
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per linear foot for the floor and joists, making a total of 1070 lbs. per linear foot. 
concentration from this for one truss is $(1070 X 15) = 8000 lbs. nearly. Of this, 2000 lbs. 
will be assumed as concentrated at the top chord joints and 6000 lbs. at the bottom chord 


joints. 


The live load is 2400 lbs. per linear foot or 18,000 lbs. per truss panel. 


The panel 


The table on page 347 gives the stresses, required areas, and make-up of the sections. 
The member a8 was made as shown in Fig. 378 in order to use a top 
plate to transfer the wind stress down the post and at the same time keep 


Fic. 


the pin centres in the middle of the channel webs. 


The sections BC, CD, 


and DE have latticing on both their top and bottom flanges, and as they 


378. channels. 


are perfectly symmetrical the neutral axis is in the centre of the webs of the 


360. The Wind Bracing.—The top lateral bracing will be proportioned to resist a wind 
presssure of 150 lbs. per linear foot of the bridge. 


ey 


DOK 


VN 
Stresses. 
Area ‘ 5 
Member. Z g required. Make-up of Section. Area. Material. 
Wind. Unit Stress. 

BB' Rous: a2 saalas 4.8 Iron 
OC! 14,500 | 7.0 200 1.15 64 Two 3" Ls, 15 lbs. per yd. 3.0 “ 
DD + 2.250 7.0 200 ans a2 Two 3” Us, 15 lbs. per yd. 3.0 s¢ 
LEXOE — 5.9 18.00 33 One 2’ tie rod .60 < 
cD’ — 3.0 18.0 +17 One 4%" tie rod .60 e 
DE' 0.0 18.0 oo One 4’ tie rod .60 < 


The bottom lateral bracing will be proportioned to resist a static wind force of 150 lbs. 


per foot of bridge, and in addition a moving wind force of 100 lbs. per foot of bridge. 


a b c 


é 


a o' ¢! 


Stresses. 
Me.nber. Area required. Make-up of Section. 
Wind. Unit Stress. 
ab’ 15.0 18.0 83 One Tyg | tie rod 
bc Q.2 OY agit One {’ tie rod 
ca’ 5.7 ae 332 One 2" tie rod 
de’ 1.5 iG .08 One #” tie rod 


The details for this span may be worked out by the student. 


are given in Plate II. 
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Complete detail sketches 
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THE DETAIL DESIGN OF A HOWE TRUSS BRIDGE. 


361. The Howe Truss has proved the most useful style of bridge ever devised for use 
in a new and timbered country. It is still very largely used in America for both highway and 
railway purposes. Railroad bridges of this kind are usually built on the ground by squads 
of “bridge carpenters,” and are very cheap. They are also rigid and perfectly safe if care- 
fully inspected for evidences of decay. They are built wholly of timber except the vertical 
and lateral tie rods and certain joint castings, splicing members, bolts, etc. They can be put 
together in such a way that any single stick may be removed and replaced while in service 
without endangering the structure. One of the standard Howe truss drawings of the 
Chicago, Milwaukee, and St. Paul Railway is given in Plate III, and the bill of materials at 
the end of this chapter. This plate shows a span 147’ 2}’’ long, composed of thirteen 
panels of 10’ 11} at the bottom chord and 10’ 114” at top chord, the height, inside to 
inside of chords, being 25’. Similar standard plans of the same height and panel length are 
used for lengths, diminishing by single panels, down to seven, or for a length of 81’ 62” centre 
to centre of bottom chord joints. All these standard plans and the corresponding bills of 
materials are lithographed and placed in the hands of the bridge carpenters, to work by. All 
ends are square-sawed, and there is not a mortise or tenon in the whole structure. 

Sometimes the timber bottom chord is replaced by eyebars, when it is called a Combina- 
tion Bridge. But since timber is much stronger in tension than in any other way, there is no 
good reason for doing this. 

At 30 dollars per M, the cost of a cubic foot of timber, in a bridge, would be 36 cents, 
while the cost of a cubic foot of iron would be about 20 dollars. The working stress on 
timber may be as much as one tenth of that on iron, so that the relative first cost of timber 
and iron structures is about as I to4 or 5. 

When bridges are to be erected far from existing lines of railroad, iron bridges become 
impracticable, especially when timber is convenient. i: 

The designing of a Howe truss bridge is mostly a matter of joints and splicing. The 
timber sections are not computed with that care that is used in iron structures, but material 
is used liberally and usually far in excess of what the formulas would give. For this reason 
wooden or combination bridges should not be let out by contract under general specifications, 
such as are used for iron bridges, unless all the sizes are specified on standard typical draw- 
ings like that of Plate III. 

By referring to the Table of Strength of Materials at the end of the volume, it will be 
seen that timber is relatively very weak in lateral compression and in shearing along the grain. 
For this reason a timber post or strut should never bear on the side of another timber, 
but always on a wrought- or cast-iron plate, which in turn presents a greatly increased surface 
to the lateral face of the wood. e 

362. Chord Splices.—The chords are made up of as long timbers as possible, and but 
one stick spliced at any section. By referring to Plate III and to the bill of materials 
accompanying it, it will be seen that the standard length of stick in the upper chord is 43’ 14” 
(cut from 44’ sticks) and in lower chord it is 6s’ 74” (cut from 66’ sticks), the only variation 
being for the supplementary end sections. The chords are packed twice in each panel, be. 
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tween the angle-blocks, and the splice is always made at one of these points. The timber is 
always sawed for these bridges on special orders, and sticks of these lengths can be obtained 
in the South, West, and Northwest. 

The upper chord splice consists simply of square abutting ends, at the middle of pine 
packing blocks 24 inches thick and 10 inches long, dressed, and set into the chord sticks $ inch 
on each side, thus leaving a $-inch air-space between the sticks. When the outside stick is 
spliced three bolts are used in place of two, as shown on the plate. 

The lower chord splice offers more of a problem. It was formerly the custom to make 
this splice by means of two oak fish-plates notched 
into the sides of the stick as shown in Fig. 379. 
There were five ways in which this joint might fail. 

Ist. At aa, by crushing down the fibres. 

2d. At 6, by shearing off the shoulders of the 
stick, which would usually be white pine. 

3d. At cc, by shearing off the shoulders of the 
splice plates. 

4th. At dd, by rupturing the splice plates in 
tension, or partly in shear if they were somewhat 
cross-grained. 

5th. At ee, by rupturing the main stick in tension, 

These methods are given in the order of their most common occurrence. 

Since strength against rupturing at aa is only obtained by sacrificing that at ee, it is 
evident that the greatest strength of the joint, so far as these two methods of failure are con, 
cerned, is obtained when we have notched in so far that we have an equal strength in these 
two ways. The endwise crushing strength of white pine is not less than 4000 lbs. per square 
inch, and the tensile strength is not less than 7000 lbs. per square inch. To realize the 
greatest strength at this section, therefore, the stick should be notched more than a quarter of 
its width. To provide for the case of cross-grained wood at this point, it is a good rule to 
notch one fourth the thickness of the stick on each side. 

The shearing strength of white pine is only about 400 lbs., or say one tenth of the 
strength in crushing endwise. Hence the section in shear at 6d should be ten times the 
depth of the notch, or 2} times the thickness of the stick. If the splicing timbers are also of 
white pine the above results apply to them too, but if they are of selected, straight-grained, 
seasoned oak, or better of long-leaf yellow pine (pznus palustris), then the thin portions at dd 
need be only about one sixth or one eighth of the thickness of the main timber, and the length 
of the shoulder, cc, only one half that on the white pine timber itself at 6. Thus for splicing 
a white pine stick 8 inches thick with white pine splices, the joint would be 80 inches long 
and the splices made of 4-inch stuff, notched out 2 inches. If made of long-leaf yellow pine or 
of straight-grained oak, the joint would be 60 inches long, made of 33-inch stuff and notched 
out 2 inches, leaving 14 inches thickness at dd. 

No reliance should ever be put upon the bolts. They serve simply to hold the parts together, 
and would not come into action at all until there had been considerable movement, and then 
they would act very imperfectly and to an unknown extent. A good joint will develop its full 
working strength without any appreciable distortion. 

The great length of these timber splices, and the uncertainty arising from imperfect 
workmanship and from cross-grained material, which is apt to be more or less wind-shaken 
or season-checked, 50 as to offer little resistance to shearing along the grain, has resulted in 
et oe new kind of tension splice now adopted on many of our leading railways of the 

est. 


The tron splice is composed of two cast-iron plates on each side of the sticks to be joined 
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with short cylindrical spurs fitting into corresponding bored holes in the stick, these being 
held together by two clamp bars of wrought-iron, having forged hooks at their ends, all as 
shown in Plate III. The cast-iron plates (and hence the sticks) are drawn tightly together 
by means of a clamp key which is driven at one end of each clamp bar, the key-seat on the 
cast-iron plate being inclined to the plane of the key as shown. Each clamp plate here shown 
has twenty-one spurs, I inch long and 14 inches diameter, making a total area of 233 square 
inches bearing area for each plate, or 474 square inches for each stick, The area of the cross- 
section of these sticks is 96 inches, so that the compression bearing area is about one half 
the section of the stick. But since this area is not all cut out at the same section, this bearing 
area might well be increased, even to the extent of making the spurs 1} inches long, thus 
making the bearing area for one stick 74 square inches. 

The clamp bar hasa minimum section of 3 square inches, but with longer spurs it might be 
widened to 4 inches and its section made 4 square inches. This would give 8 square inches 
of section of bar to 74 square inches of bearing area on the wood, or g square inches bearing 
to I square inch of iron in tension, which is about the proper ratio. 

This arrangement of iron clamp blocks and bars, with tightening key, is a most excellent 
one and should entirely replace the old wooden fish-plates. By driving out the key, and 
slightly spreading the chord members, any single stick can be taken out and replaced bya 
new one. 

363. The Angle Blocks and Bearing Plates—Since timber offers very slight resist 
ance to crushing across the grain, it is necessary to give to all the web struts and vertical 
tension rods very large bearings on the chords, at both top and bottom, in order to prevent 
the crushing down of the fibres. The resistance of white pine to crushing across the grain is 
only about 500 lbs. per square inch, and of yellow pine from 800 to 1000 lbs. The working 
stress should not be over 300 lbs. for white pine and 500 lbs. for yellow pine. 

The angle blocks shown in Plate III are all 18 inches wide and of a length equal to the 
total width of the chords. The top and bottom blocks are exactly alike. Two ribs project 
1} inches from the lower faces, which are notched into the chords to take the lateral thrust 
of the struts, and with the patterns here shown the vertical components of the thrust are 
transmitted through the chords by lateral compression on the timbers. This is well enough 
if the bearing plates at top and bottom are of sufficient size, which in this design they are. 

The bearing plates are here composed of 10- and 12-inch channel bars the full width of 
the chord sections. Thus in the 147-foot span shown in Plate III the load on the end ver- 
ticals may be taken at 150,000 lbs, for each truss. The bearing plate here is 12” X 437 = 
516 square inches. At 300 lbs. per square inch this would carry a load of 154,800 lbs., which 
shows it to be of sufficient size. Being made of channel iron, it is presumed to be stiff 


iy 


enough, if large washers are used under the nuts, to spread the load uniformly over the bear- 


ing area. Shake 
Another method of transmitting this thrust through the chord section is to extend the 
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web of the angle blocks entirely through the chords to receive the bearing from the nuts 
directly. This enables this load to be transmitted wholly through the cast angle block and 
allows no lateral compression to come upon the timber chords. In this casé the shrink- 
age of the bottom chord timbers would allow the angle block to stand off from its seat some- 
what and make a good reservoir for rain-water, which would rapidly rot the timber at a point 
where it could not be inspected. A close bearing on cast-iron makes a very lasting joint. It 
vould seem, therefore, that the joint shown in Plate III is the best which could be devised. 

364. Miscellaneous Details.—Dowe/s.—All the web struts are held in place by iron 
dowel pins } inch in diameter by g inches long, fitting tight into bored holes in the ends of the 
struts and entering corresponding holes in the angle blocks. They simply prevent the timbers 
from slipping out of place. All bridge timbers are apt to be more or less green when put into 
place, and although most of the shrinkage is in a circumferential direction, there is some 
shrinkage lengthwise. All Howe truss bridges, therefore, should be tightened up frequently 
by screwing up the nuts on the vertical rods. If these are not kept tight the counter-struts 
will become loose and slip off their seats if not held to place by dowel pins or otherwise. 

The lateral wind bracing consists of diagonal timber struts and transverse iron tie rods, 
in the planes of both top and bottom chords. The angle blocks for these lateral systems are 
shown in Plate III. Instead of dowels there are projecting flanges on the lower sides of the 
angle blocks which hold the diagonal struts in place. 

Washers and Packing —The upper chord is packed with seasoned pine blocks except at 
the lateral rods, where 3-inch cast washers (P) are used. The lower chord is packed with the 
cast washer Y except along the lateral truss rod, where the plane washer P is used the same 
as in the upper chord. This Y washer is intended to act so as to transfer tensile stress from 
one stick to another, and in this way cause the chord to act together as one solid stick. For 
this purpose these washers are rimmed, and these rims are set 1 inch into the timber on each 
side. The sockets for these circular rims are cut out with a special tool, truly circular, and 
the projecting rims of the washer are given a “ draw” of 3g inch on each side, so that when 
the packing bolts are tightly drawn, these rims are set snugly into the wood on either side, to 
a depth of 1 inch, on an outside diameter of 6 inches, there being two of these at each pack- 
ing section. These sections occur every 54 feet, so that every 5% feet a common union of 12 
square inches area is made between each pair of adjacent sticks. It is this transfer of stress 
laterally from one stick to another which causes the total weakening effect of the bottom 
chord splices to be limited to that due to the splicing of one stick. Thus if stick two has 
been spliced at a sacrifice of half its strength, and 11 feet farther along stick three is to be 
spliced, there will be four of these rimmed 6-inch washers introduced on each side of stick 
three, after passing the splice in two, and these will transfer stress from stick three to sticks 
two and four, with an equivalent area of 48 square inches of timber, leaving only about a half 
load in three to be carried past the joint over the two sets of splice bars and blocks. This 
rimmed washer is a much more efficient packing and transfer block than the solid oak packing 
blocks notched into the adjacent timbers which were formerly common. 

Lip Washers ——To further assist in holding the end angle blocks to place cast-iron lip 
washers are introduced (pattern I) which !:ave a lip projecting over the free edge of the 
block, and are bolted through the chord. Each end block on the bottom chord has four of 
these back of it, the next one three, and the third from the end two. A few are used on the 
end upper chord blocks also. These washers also hold down this side of the block and so 
assist in distributing the load, which comes wholly on the opposite slope of the block, evenly 
over the whole base of the block. 

Collision Struts are introduced to stay the end inclined struts in case they should be struck 
by a derailed car, engine, or projecting timber. 

Portal Braces 6" X 8’ are used as shown in Plate III, being well attached both to the 
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inclined end posts and to a portal strut at top 10” X 12”, which in turn is bolted and 
shouldered upon the ends of the top chord. The absence of any very efficient wind, sway, or 
portal bracing (and formerly the total absence of any such bracing whatever) has been the 
cause of many failures of Howe truss bridges, and is still an objection to them. It has been 
very common to cover in Howe truss bridges on highways, and when this is done and all 
portal or sway bracing omitted, a comparatively small wind pressure would wreck the struc- 
ture. 

The Floor-beams and Stringers are of timber and usually rest directly upon the bottom 
chord. Sometimes they are hung below it, as shown in Plate III. In this case a large bearing 
area must be provided both on top of the chord and at the base of the beam, to prevent the 
cutting in of the washers. The stringers are also of timber, held well apart by means of pack- 
ing washers or thimbles, three inches long, thus giving not only a free circulation of air, but 
allowing live coals from the engine an opportunity to roll off and drop between them. . The 
remaining portion of the floor system is not peculiar to this style of truss. 

Corbels are usually introduced under the ends so as to save the bottom chord timbers and 
keep them away from the sills or wall plates. They are packed with the plain washers and 
bolted to the bottom chord. 

365. Working Stresses.—As stated in Art. 361, the timber members of a Howe truss 
are not usually nicely computed and dimensioned as is always the case with wrought-iron and 
steel, but certain maximum loads should not be exceeded. 

Prof. Lanza, who is now the leading authority on the strength of timber, gives as the 
results of actual tests on large beams and columns the following :* 

Working Fibre Stress in Cross-breaking, using a Factor of Safety of Four, on Actual Tests 
of Full-sized Beams. 


White PINEANG -SPLUCE a. tienes caieele vec ee gis oe @ 750 lbs. per square inch. 
Georgia (long-leaf) yellow pine..............--: 1200 6 oes < 3 
BA Ler Oa lees a. e's Mey eta oc oe ctete fosalecilazers st slots LOGE te ist - ee 


Columnus.—For the ultimate strength of timber columns use the formulas given on p. 151, 
which are based directly on Lanza’s published results of full-sized column tests. A factor of 
safety of four or five should be sufficient. 

In applying the formule to composite columns made up of several sticks bolted to- 
gether at intervals, give to each stick its proportionate share of the total load to be carried 
over that member, and then assume that it stands alone and unsupported. This is the only 
safe rule. Even though they are firmly bolted, with packing blocks or washers notched into 
the sides, these grow loose in time and do not resist initial lateral bending. They should never 
be assumed to act as one solid stick. 

Shearing.t—For shearing and crushing it is probably safe to use a factor of safety of 
two or three. Pending the final reports on the U. S. Timber Tests now in progress, use for 
working values of the shearing strength along the grain, for 


VPS SLM Cee te. cick Uoisc steals» 8) Sarg oi eo ot sews s .see2.- 100 lbs. per square inch. 
Long-leaf yellow pine..........--.++> Redes, ZOHO a g “ 
Short-leaf  “ SOR 4 AP ob Prt ein, eae 4° ei eo 
NAO O MIG ascii Uesad RN doyict b clopeitig Bmast ates eevee» sto 2007 foe «“ “ 


* Applied Mechanics, Fourth Ed., pp. 670, 677, 684, and 685. 
+ These values of working stresses in shearing, crushing, and tension are taken from the results of the U.S. 
Timber Tests now being conducted at Washington University by Prof. Johnson for the Forestry Division of the 


Agricultural Department, 
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Crushing across Grain. 


Take for working values, on seasoned timber,* for 


Wi Dit@: Pine’ sin. 2 <oine, Sepsis sateen eee 300 Ibs. per square inch. 
Long-leat, yellow pineo5s .0.scm ean eee Le, Sunes Sore Ye as 
Shorticat @, Jy plea mae We 2) 2 
Winter Oalow: te ween eas scr Son on TOOOe. samme: % é 


Crushing Enduise (Short Blocks). 


Take for working stress, for dry seasoned timber : * 


Wihite PINE asec oie ales, cold Penn eine ele d one eels gn OOM ae Der eglucrreniners 
Long-leaf yellow pine....... ants des ota ohare 30007 srs “ oe 
Short-leaf “ Serer erRT ene he fears st Ou thomsen ties 2800 3% « ‘ 
Wiitesodke.. 28 eralsliseg oa ae, Wat ole a bie Me Ronee crete 27 5One i aa i a 


Tension.—Wood fibre is much stronger in tension than in any other way, and as a result 
it may be said that wood seldom or never breaks in pure tension in actual service. In fact, 
it is very difficult to break it in tension in a laboratory test. In structures timber usually fails 
in shearing, in cross-breaking, or in crushing. It must always be assumed, in long sticks in 
tension, as in the bottom chord of a Howe truss, that the grain runs more or less across the 
line of the stick, and a liberal allowance must be made for the reduction of the section by 
framing it, so that although the tensile strength of the fibre may be ten (or in the case of long- 
leaf yellow pine nearly twenty) thousand pounds per square inch, yet it is not wise to rely on 
a working stress in tension of more than about 1000 or 2000 Ibs. per square inch. 

366. Weights and Quantities.—The following table of loads, quantities, and weights is 
taken from a complete scheme of stress diagrams and sizes for both deck and through Howe 
truss bridges from 30 feet to 150 feet in length, for the Oregon Pacific Railway (A. A. Schenck, 
Chief Engineer), published in Engineering News, April 26, 1890. The live load assumed was 
two 88-ton engines followed by a train load of 3000 lbs. per foot. For deck bridges add 
20 per cent to the weight of the timber and deduct 20 per cent from the weight of the 
wrought-iron. 


WEIGHTS AND QUANTITIES FOR HOWE TRUSS BRIDGES. 


Assumed Loading per Foot. Estimated Quantities. 
Total A 
Length of} Style of |Height of) No. of Load per Wrought-iron, 
Span. Truss, Truss, |Panels, ‘ Foot. : 
Trusses. | Floor, Train. Lbs Timber. Cast-iron 
Lbs, Lbs, Lbs. * | Feet B,M. | Rods not Rods Lhe. 
Upset. Upset. 
Lbs. Lbs. 

30 feet Pony Qifeetaiin a4) 360 500 5,060 5,920 10,160 257700 Meee 970 
40 : is Ties 4 400 500 4,600 5,500 13,360 2; GOO eee 1,210 
50 ss TE) Ce 6 450 500 4, 200 5,150 19,020 BOT Omit meeemr tn 2,880 
60 * 12‘ 6 540 | 500 | 3,860 | 4,900 | 22,780 6,700 |e ee 3,660 
ee, ve Nae 7 poe 500. 3,640 | 4,740 | 29,930 9,260 8,210 8,260 
ao aC ie a 8 620 Sow 3,600 | 4,720 35,390 11,660 10,260 9,970 
go : 15 i 9 720 500 3,560 4,780 42,710 15,170 13,440 12,530 
go 9 Through 25 8 720 500 3,560 4,780 41,880 17,880 15,150 12,260 
100 _ z 25 2 9 800 500 3,500 4,800 48,890 22,580 18,950 14,290 
bee 6c 6 25 6 us 880 500 3,400 4,780 54,770 25,820 22,290 15,930 
eer. ‘ oii, (gee 940 | 500 | 3,300 | 4740 | 62,040 | 30,890 | 26,010 | 18,200 
130 - 25 . 12 1,000 500 3,200 4.700 70,130 37,050 30,180 20,830 
140 i . 25 3 13 1,050 500 3,150 4,700 78,160 40,820 33,020 23.210 
150 25 14 1,100 500 3,100 4,700 86,630 48,090 39,140 27,060 


¥ TE ti ; 
If timber may be green or wet use one half these values. See Johnson’s Materials of Construction, Chapter XXXII 
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367. Long Span Howe Truss Bridges.— In Plate IIIa are shown the details of a Howe 
truss bridge of 250 feet span, designed and built for the Oregon division of the Southern 
Pacific Railway by Mr. W. A. Grondahl, Resident Engineer. These bridges are constructed 
from ‘“ Oregon fir” timber, it being practicable to obtain large sticks of this wood as long as 
70 feet. This enables a new departure to be made in wooden bridges, and Mr. Grondahl has 
solved the problem in an eminently satisfactory manner. On the Pacific coast this timber 
is cheap, while iron is very dear, and hence it proves to be economy to build of the cheaper 
but shorter-lived material. 

The drawings given in Plate IIIA very clearly indicate the method employed. The live 
load for which the bridge was designed consisted of Cooper’s Class Extra Heavy A (see p. 
79), or of two 100-ton engines, followed by a train load of 3000 lbs. per foot. 

The peculiar features of this new Howe truss are: 

First. Its great height (45 ft. out to out), and its long panels (31 ft. 3 in.), which are, 
however, subdivided in the lower chord, as in the Baltimore Liss, “Hig O7 Arte 26. 

Second. The use of eyebars and large steel pins in making the bottom chord splices. 

Third. The use of timbers 10 in. X 21 in. x 63 ft. long in making up the chord members, 
and of Ig in. X 20 in. X 50 ft. long in the web system. 

Fourth. The omission of all counter-braces where they are not required by the analysis. 

In the working out of this design the following features should be noted: 

The Suspension Joint in the middle of the web braces, as shown in Figs..6, 7, and 8a. ihe 
suspension stirrups hang from a spool 7 in. in diameter, on the top of which rests a small 
strut for sustaining the weight of the upper chord, which member is held in place by an 
inverted stirrup passing under the spool. The spool is held in place by the inclined parts, into 
which it is seated to a depth of 6 inches at each end, as shown in Fig. 6. 

The Bottom Chord Splice as shown in Figs. 9 to 15. Two eyebars, from five to eight feet 
long, are laid beside the member at the splice, and 34-inch pins used, which make a snug fit 
in the timber. To prevent these pins from bending, and to increase the bearing area on the 
wood, other pins are inserted in front of the main pin, and cast-iron plates, one inch thick 
(Figs. 14 and 15), set in so as to make a close fit, thus distributing the pull on the eyebars 
upon three, four, five, or six pins, as the pull increases from the end towards the centre, as 
shown in Figs. 10, 11, 12, and 13. After these plates and pins are all in place the whole com- 
bination is tightened up by turning an eccentric collar on the pin through one end of the eye- 
bars, as shown in Fig. 9. The small circles there shown are the recesses into which are fitted 
the lugs of the spanner used to turn these collars 180°, thus drawing the end pins about finch 
nearer together. This takes the place of the “ clamp key” used in the C., M.. & St. P. 
designs, Plate III. The ends of the spliced sticks are held in place by a one-inch bolt and 
washers placed vertically in the joint, as shown in Figsio, 

The Floor-beams are bunched as near to the bottom chord joints as possible, three 
10” X 18” sticks making one beam. 


The Transmission of Loads through the Bottom Chords is effected by means of cast-iron _ 


“false tubes,” shown in Figs. 21 and 22. These bear on the cast-iron angle blocks above and 
on the gib plates which receive the nuts and washers below. They are cast toa bevel, or slope, 


so that they can be driven, or drawn into a tight fit in the wedge-shaped slots cut in the sides - 


of the sticks (Figs. 17, 18, 19, and 20), these latter being held laterally by two #-inch bolts. 

These and other features of this truss, of less significance, have so far extended the 
capacities of the Howe truss as to open up a new field of application for it in the Northwest 
or wherever such timbers as here described can be obtained. Recent tests of this timber 
made by Prof. Johnson show it to be superior to white pine in strength and stiffness. It is 
of a straight and even grain free from knots, wind shakes, and season checks, and promises to 
become the most valuable structural timber in the world, 
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CHAPTER XXIV. 


THE DESIGN OF SWING BRIDGES. 


368. Different Types of Swing Bridges and Determining Conditions.—Swing 
bridges are known generally as Centre-bearing and Rim-bearing, according to the manner in 
which the bridge, when swinging, is carried at the centre pier. If the entire dead load, when 
swinging, is carried on a vertical pin or pivot, it is called Centre-bearing. If the entire dead 
load, when swinging, is carried on a circular girder, called a drum, which in turning moves 
upon rollers, it is called Rim-bearing. Again, these two conditions are combined into one, so 
as to make the bridge partly rim-bearing~ and partly centre-bearing. The conditions which 
generally determine the style of bearing to be used in any given case are usually concomitant 
with the style of the bridge proper to be used. In general, plate girder swing bridges have a 
centre bearing, and truss bridges have a rim bearing, or a rim bearing and centre bearing com- 
bined. However, in practice, the condition which may finally determine the style of bearing 
to be used is the vertical height available under the bridge, or the depth from the base of rail 
to the top of pier. This distance is usually limited, and compels the-designer to resort to 
various devices to properly carry the bridge when swinging. 

369. Plate Girder Swing Bridges.—These should be used for all lengths up to 100 
feet.* For lengths from 100 to 160 feet the riveted truss design is preferable. 

The joint at the centre for plate girder bridges is usually centre bearing. Fig. 381 
shows the cross-section taken near the centre of a plate girder swing bridge. The main 
girders A, A, for a through bridge, are usually spaced 
14 feet apart. The part marked C is the centre cast- 
ing, which receives the centre pin or pivot P, upon 
which the cross-girders rest. The parts marked B and 
B are supports for the main girders A and A when the 
bridge is closed. These supports relieve the pivot 
from carrying any live load, except such as comes — 
directly on the cross-girders. When the bridge icoe 
opened, the supports B and B being fixed to the ma- 
sonry, the entire weight is carried on the pivot ea Ln 
designing the pivot, care should be exercised to have 
the wearing parts accessible at all times, so that they can be cleaned or replaced by new parts 


Fic. 381. 


if necessary. 
Fig. 382 shows the elevation and plan for a centre bearing, or pivot. When the pin turns, 
the sliding takes place between friction disks, which are usually made of hard steel, phosphor- 


* This is about the limiting length for shipping a girder on cars with safety. Plate girders 136 feet long have been 
shipped on cars for a short distance, but it is dangerous in any case, and especially when shipments are made toa great 
distance over all kinds of roads. 
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In order to insure that the sliding shall take place between the 
disks only, the upper and lower disks are provided 
with short dowels which fit in corresponding sockets 
in the pin and centre casting, and prevent their 
sliding. The surfaces of the disks are grooved where 


bronze, or gun-metal. 


insure lubrication; the recess in the centre casting 
being kept full of oil at all times, the oil finds its way 
into the grooves. 

The safe load, on the disks, may be taken at 3000 
lbs. per square inch, when the bridge is turning. On 
small disks the pressure may be as high as 6000 lbs. 
per inch. In general, the safe load per square inch on 
a disk depends on the frequency of the turning, the 
angular velocity, and the lubrication of the disk. If 
the disk be small, so that the oil grooves cut a com- 
paratively large surface from the disk and insure lubri- 
cation, the safe load may be higher than for a larger 
disk. At 10,000 lbs. pressure per square inch there is 
danger from abrasion. The pin and centre casting 
may be of cast-iron or cast-steel. 

370. Riveted Pony Truss Swing Bridges.—When a riveted truss design is used instead 
of the plate girder bridge, the centre bearing is generally the same as for a plate girder. The 
great advantage in using the riveted truss design for lengths from roo to 160 feet is that the 
trusses can be made in two halves complete, and then coupled up, over the centre, by means 


of eyebars with pin connections. 
Fig. 383 illustrates a method of coupling up the two halves of a riveted truss swing bridge. 


The upper chord AA being at all times under tension, we can here use eyebars in the place 


Fic. 383. 


of riveted members. The lower chord at # being at all times under compression, a butt joint 
can be used, with such splicing as is ordinarily used for such joints. The great saving in this 
design is in the facility with which the coupling at d can be made in the field. The wheels 
W are balance wheels, usually four in number, to balance the bridge when swinging. These 
wheels are not supposed to carry any direct load. They are simply intended to carry any 
unbalanced load when the bridge is swinging, caused by wind, or the unstable equilibrium of 
the bridge itself. The usual method for designing these wheels is to assume an unbal- 


a 


they come in contact with each other. This is to » 
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anced load of say 1000 Ibs. at one end of the bridge when swinging. As their duty, at all 
times, is not severe, they are usually made to run 
on a heavy T rail, which is bent to a circle and laid 
directly on the masonry. 

These balance wheels are necessary in all forms of 
centre-bearing bridges, whether girder or truss designs. 
All of the previous sketches are intended for through 
bridges. When the distance from the base of rail to the 
under side of the bridge is sufficient, a deck bridge is 
used. The method of supporting a deck bridge, at the 
centre, does not differ materially from that of a through 
bridge. Ina deck bridge, however, it is desirable to have 
the support for the centre as high up as is possible, that is, 
as near to the centre of gravity of the load as will permit. 
This nécessitates raising the centre casting up to the required level. This is sometimes 
accomplished by placing it upon a pedestal. The usual way, however, is to change the form 
of the centre casting. Fig. 384 shows the cross-section of a 
deck plate girder swing bridge near the centre. The centre 
casting has now the shape of a frustum of a cone, and is 
called the cone. 

371. Centre Bearing on Conical Rollers.—In all of 
the previous designs we have contemplated a sliding friction 
at the centre by means of friction disks. In spans where 
rapid and frequent swinging is required, it is desirable to get 
rid of the sliding friction at the centre. Here we put the 
load on a nest of conical rollers. Fig. 385 shows a section in 
elevation and a plan of a centre bearing on conical rollers.* 
The conical rollers R are made of hard steel. The box is 
made of cast-iron or cast-steel. In using this form of centre 
great care should be taken to have the bearing on the rollers 
at all times true and level. Any inequality of bearing on 
moving parts results in unequal wearing. If some of the 
rollers become worn more than others, owing to unequal 
bearing, imperfect workmanship, or other causes, they soon 
lose their proper relative position in the nest, and begin 
crowding and wearing each other. Then the nest becomes 
clogged with the grindings, and the efficiency of the bearing is soon destroyed. 

In the recent designs for conical rollers this trouble is anticipated, and in order to guard 
against it the rollers are encircled by a collar, or Live ring as it is called. Each roller is then 
held in its proper position by a small rod which passes through its centre. The outer ends 
of these rods are fastened to the live ring. The inner ends come together on a hub called 
the spider. This device insures the same movement in all of the rollers at the same time. 
The safe load on friction rollers is given by the formula g = 300d, Art. 255. For 
hard-steel rollers on cast-iron beds use p = 250d. For conical rollers use the average 
diameter for d. s 

The bearing on the masonry at the centre may be taken at the same values as for fixed 
spans, when the bridge is closed and fully loaded with live load. ; When the bridge is empty 
and swinging, the above values may be doubled. For example, if the permissible bearing on 


‘A 


® This form of centre bearing was invented by Mr. Wm, Sellers, and is known as the Sellers Centre. 
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the masonry is 300 lbs. per square inch for fixed spans, then for swing bridges it would apply 
only when the bridge is closed and fully loaded. When the bridge is empty and swinging, 
we may use double this value, or 600 Ibs. per square inch. The practice simply demands a 
higher value for the bearing on the masonry when the bridge is swinging than when it is 
closed, and about double the value seems rational. 

372. Truss Swing Bridges.—As truss spans can be built either with pin or riveted 
connections, a discussion of one will apply to both. In this country the common practice is 
to use pin connections for long spans. This applies to swing bridges for all lengths above 
those which are too long for using the plate girder or riveted truss design. In what follows, 
all truss bridges will be understood to be pin connected. All trusses for swing bridges 
should be simple in design, so as to be free from all ambiguities in their stresses under all 
possible conditions of loading and temperature, as well as the conditions resulting from a 
rapid variation in the depth of the trusses, which necessarily involves the moment of inertia 
of the cross-section. In all of the analysis on swing bridges it has been assumed that the 
moment of inertia of the continuous girder is constant. Any great departure from this 
assumption invalidates the correctness of the assumption and vitiates the values of the com- 
puted reactions.* No simple classification of different types of truss swing bridges can be 
made. In general, the most preferable design, everything else being equal, should be a single 
truss system free from all adjustable members. The advantage of using long panels can be 
obtained, as in all fixed spans, by secondary trussing. Inclined upper chords for through 
bridges are introduced where economy of design dictates their use. In general, it may be 
said that the outline for the trusses of a swing bridge is governed by the same rules as for 
fixed spans. The most economical depth at the centre is about the same as for a fixed span 
having a length equal to the total length of the swing bridge. 

373. Unusuai Forms of Trusses.—Perhaps a good way to illustrate the best forms for 
trusses to be used would be to show some which are objectionable. An unusual form is the 


Wibty 
Y 


Fic. 386. 


triangular pattern. In this, all of the lines of the truss form triangles. Fig. 386 shows the 
outline for a triangular form of truss. 

The principal objection to this form of truss is the variation in the depth of the truss 
from zero at the ends to the maximum at the centre. The low depth of the truss at the ends 
not only vitiates the value of the reactions obtained by assuming a uniform moment of inertia, 
but it also results in excessive deflections when the bridge is closed and the live load is on one 
arm. These excessive deflections tend to bend the chords. As the chord joints are not artic- 
ulated, the bending may be sufficient to give the chords a permanent set. This has actually 
occurred in two instances where this form of truss has been used. However, this form of 
truss presents some advantages which should not be lost sight of. The low inclined chords 
at the ends will aid in deflecting a possible derailed car which might strike the bridge. The 
form of the truss, also, is such as to reduce the areas exposed to wind pressure at the ends of 


* For the ordinary American practice the errors introduced by the varying moment of inertia practically compen- 
sate for the errors coming from neglecting the web members in computing the continuous girder nioments See 


Art. 178@, p. 196. 
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the arms, making it somewhat easier to. handle during high winds. This form of swing 
bridge was at one time very commonly used for short spans, but has now given way to more 
economical forms, more especially the plate girder and the riveted truss design. 

Fig. 387, shows another form of truss for swing bridges which is objectionable. 
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The objection to this form of truss design lies principally in the central portion directly 
over the turntable. Here the character of the design involves an uncertain distribution of 
loading on the turntable. Again, the counter-stresses in the web system are provided for by 
the use of adjustable rods, which are objectionable in any truss design, owing to their ten- 
dency to get out of adjustment. However, the most important objection to this form of con- 
struction is the lack of economy in the design. 

374. Standard Forms of Trusses.—As previously stated the most desirable form of truss 
design is that which is-free from adjustable members and from all ambiguities in the stresses 
arising from complex systems of trusses. Fig. 388 shows a standard form of truss for spans 


Fic. 388. 


of any length. The principal advantages in this form are, economy in design, a minimum 
number of members, the absence of all adjustable members, a freedom from all ambiguities in 
the stresses, etc. In this design, the members'AV should have such an inclination that when 
the bridge is fully loaded, the members A/ will carry the greater part of the load to the points 
B onthe turntable. This will-insure a better distribution of the maximum load on the turn- 
table. Another advantage in this form of truss lies in the use of the links shown in the figure 
by the member A—A. Aside from their primary use in equalizing the loads on the turntable at 
points B, they have proven useful in case the bridge, when swinging, becomes unbalanced. 
Such a condition may arise in case the bridge is struck by a passing steamer, which may lift 
one arm, while the other arm deflects downward. If the joints at J will yield so as to allow 
the arms to deflect considerably, the bridge may remain intact on the turntable.* 

There are a great many standard forms of trusses for swing bridges; in fact, too many to 
be described here. The authors have shown in Fig. 388 what they consider the best form of 
truss for swing bridges. However, conditions may arise which may compel the designer to 
modify this design. For instance, in single track swing bridges it frequently happens, when it 
becomes necessary to handle the bridge by steam power, that the engine must be placed over 


® Such an accident occurred to the swing bridge of the St. Louis Southwestern Railway over the Red River at 
Garland City, The bridge was built from C. Shaler Smith’s plans. 


362 MODERN FRAMED STRUCTURES. 


the track. In that event it becomes convenient to have vertical centre posts to support the 
shaft leading vertically down from the engine-room to the drum. This shaft (there are some- 
times more than one shaft) is always vertical, and the vertical posts at the centre make a con- 
venient support for journal-boxes holding the shaft. This condition may modify the form of 


WII, WM) 
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truss to that shown in Fig. 389. Here the centre posts AB are vertical, and the engine-house 
is usually supported on the cross-girder CC. 

375. Methods of Supporting Truss Swing Bridges at Centre.—Truss swing bridges 
are sometimes made centre bearing, similar to plate girder bridges, where the available depth 
from base of rail to the top of centre pier is limited, so as to preclude the use of any other 
form of support at the centre. However, such conditions have to be provided for by special 
designs. The usual method of supporting the trusses of a swing bridge is on a turntable. 
As previously stated, if the trusses of a swing bridge rest on a circular girder, called a drum, 
which in turning moves upon rollers, the bridge is said to have a rim-bearing turntable. The 
word Turntable comprises the entire turning arrangement at the centre. Fig. 390, shows the 
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outline, in plan and elevation, of a rim-bearing turntable loaded at four points marked P. 
This form of loading on a turntable is now avoided excepting perhaps for highway bridges. 

The objections to loading a bearing rim at four points only is that it is impossible to get 
a uniform load on the rollers, no matter how stiff we make the circular girder or drum. 
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The fact is, in this form of turntable, the wheels which are directly under the loaded 
points carry the entire load. The result is that the rollers and the tread upon which they roll 
soon show signs of unequal wearing. . 

The common method of loading a rim-bearing turntable is to distribute the load from the 
trusses equally over eight symmetrical points. Fig. 391, shows the outline, in plan and 
elevation, for a rim-bearing turntable loaded at eight points. The loads from the trusses 
come on the four corners of a square box PPPP. The four sides of this box are the girders 
which rest directly on the drum at the eight points marked B. If the loads at P are equal, 
the loads at B must be each equal to$P. The points Bin the drum can be spaced at equal 
distances, by assuming the proper diameter for the drum. If @ equals the side of the square 
PPPP, then the diameter of the circle, necessary to space the point B at equal distances on 
the drum, = 1.0824. 

Plate IV shows the general design for a rim-bearing turntable. 

All swing bridges, whether centre bearing or rim bearing, must rotate about some fixed 
point or centre pin. In a purely rim-bearing turntable this centre pin carries no load. Its 
duty is simply to hold the turntable in position with reference to its centre of rotation. The 
fact that the centre pin carries no load is one of the objections to the rim-bearing turntable. 
The centre pin usually turns in a centre casting which rests directly on the masonry (see 
Plate IVa. Ifthe rollersall travelled in the proper circle, the centre pin would not tend to 
move laterally. Asa matter of fact, the rollers are constantly getting out of line or out 
of their proper circle, so that the centre pin is frequently subjected to a series of displacements 
laterally. If the loads are comparatively light, the pin and centre casting can be made to 
withstand this tendency to displacement by anchoring the centre casting to the masonry. 

The most approved design for a turntable has the weight distributed, so that a portion of 
the loads goes to the centre pin. This form of turntable is called the centre-bearing and rim- 
bearing turntable combined. 
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In this kind of a turntable, the load on the centre pin not only relieves the load on the 
rim, whereby the bridge turns easier, but it also aids in holding the centre pin in its proper 
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position, and in this way helps to keep the rollers in the proper circle. Fig. 392 shows the 
outline, in plan, and elevation for a rim- and a centre-bearing turntable.* 

The loads from the trusses come on the four corners of the square box PPPP. The 
four sides of this box are the girders, which rest on eight points marked A. The four corners 
of the box are perfectly free; so that, although the corners P come directly over the circle of 
the drum, there is no load transmitted to the drum directly under the point P. The eight 
points A now carry the entire load from the four points P. The load at A is then transmitted 
to the two adjacent radial girders BC, and these girders in turn carry a portion of the load to 
the centre, and the remainder to the rim. In this manner, the load which comes on the rim 
is uniformly distributed over sixteen points. This form of turntable gives the best distribution 
of loads, and consequently turns easier than any other form of turntable in use in this country ; 
that is, excepting, of course, the purely centre-bearing swing bridges, which, properly speaking, 
have no turntable. 

The safe load on static rollers may be taken the same as given for small rollers, Chap. 


XVIII; that is, = 1200 Vd. The safe load on moving rollers may be taken at p = 600 Vd. 
This value of # has ample margin for the variation in the hardness of the different materials 
used for rollers and treads, unequal bearing of rollers, etc. 

376. End Lifting Arrangemeits.—In the early designs for-swing bridges very little 
attention was paid to the proper elevation of the ends of the arms when the bridge is closed ; 
and even at this late day a great many important swing bridges are built by contractors with 
an utter disregard of the condition of the end supports. In fact, the majority of swing bridges 
have no provisions for lifting the ends whatever; while others have all kinds of make-shifts, 
which generally shirk their duty entirely. It is safe to say that in this country it is the ex- 
ception to find a swing bridge where proper provision is made for raising the ends when the 
bridge is closed. It has been shown, in Chap. XII, that if the ends are not raised we cannot 
obtain the conditions necessary for a beam continuous over three rigid supports. In other words, 
if the ends are not raised, we must, in our analysis for finding the stresses, make an assump- 
tion which will satisfy this condition of the ends under the extreme variations of temperature.+ 
Now, it is difficult to say just what this condition should be. Furthermore, if the ends are left 
free to hammer, under extreme variations of temperature, the ends may be thrown out of 
line so far as to cause derailment of a train coming on the bridge. In fact a swing bridge, 
wherein no proper provision is made for raising the ends, is a dangerous structure at all 
times. 

In the previous analysis on swing bridges, Chap. XII, two conditions of the ends were 
assumed, in computing the stresses due to dead load only. First, Case I, when the ends were 
just touching their supports without producing any positive reactions. Then, in Case II, the 
ends were assumed to be raised, so that the reactions were equivalent to those of a beam 
continuous over three level supports. Now, inasmuch as we combine the live load stresses 
with either Case I or Case II, it follows that the ends should at all times be raised so as to 
satisfy amean between those conditions assumed for Cases I and II. The ends could probably 
be raised high enough to satisfy Case II for the time being, but under extreme variations of 
the relative temperature of the two chords this condition would be changed; so that, in order 
to satisfy all conditions of temperature as well as loading, the ends must be raised Sateen to 
take out at least one half the deflection of the ends of the arms due to dead load under Case 


a eee 


* This form of turntable is now used exclusively by the Detroit Bridge and Iron Works, 
+ By ‘‘ variations of temperature” in this chapter is meant simultaneous differences of temperature of the two 
chords (upper and lower) of a drawbridge. The lower chord may be entirely in the shade while the upper chord is en- 


iirely in the sun, and this ma a di : 
y y cause a difference of temperature in the two chords of 40° or 50° F. At night the vari — 


ation may be in the opposite direction. 


THE DESIGN OF SWING BRIDGES. 365 


I, span swinging. This would still leave the ends of the arms below the true level of the 
lower chord; that is to say, one half the deflection would still remain in the truss. 

The proper way to eliminate this remaining deflection in the arms is to shorten the upper 
chord, usually in the centre panel or those adjacent to the centre, just enough to raise the 
ends to the true level of the lower chord. 

For example, assume a swing bridge 400 feet long and 50 feet deep over the centre 
The computed deflection of the ends of the arms under Case I is, say, 4 inches. Now if the 
ends were raised 2} inches by means of the end lifts, there remains 1? inches of the end de- 
flection to be eliminated by shortening the upper chord. The amount that the upper chord 
must be shortened on each side of the centre is 12 X 33°, = 0.44 inch = 7% of an inch. This 
subject will be taken up in detail further on. 

The simplest form of an end lift for a swing bridge is that in which the ends of the arms 
are provided with wheels which rest on the crowns of inclined roller beds. Fig. 393 is an 
elevation of the end of a truss swing bridge, showing the wheels R resting on the beds B, 
which are bolted to the masonry. 


FIG. 393. 


The roller beds # are set at a proper elevation to give the end reactions, as previously 
shown. In this form of an end lift it becomes necessary to use some form of automatic latch, 
to stop the wheels from rolling over the top of the beds and down on the other side. When 
the span is long, so that it can acquire considerable momentum in turning, the automatic 
latch can no longer be relied on to bring the bridge toa sudden stop. The fact that the ends 
must be lifted by the very energy which the bridge acquires in turning implies that the 
bridge must have a good angular velocity when near closing, so as to force the wheels up the 
inclined beds. This energy, or shock, which is taken up by the latch is transmitted to the 
masonry. For short spans, where the ends are to be lifted about 1} inches or less, this 
method of lifting is effective and inexpensive. It is especially adapted for use in short spans, 
which have to be opened quickly; the rollers being once started down their inclined beds, the 
same energy is imparted to the moving mass of the bridge which was necessary to raise the 
ends. 

When it becomes necessary to lift the ends of a plate-girder swing bridge, it is customary 
to fix the end wheels on the masonry, and provide the ends of the arms with beveled plates, 
to correspond with the inclined beds previously shown. Fig. 394 gives in elevation the end 


ee ih} 
ae 
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of a plate-girder swing bridge, showing three stands of end wheels, with two wheels in each 
stand. The inside stand of wheels carries no load of any kind when the bridge is closed. 
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Its duty is merely to assist in steadying the bridge when coming on or rolling off the end 
wheels. It should be stated here that for all short-span swing bridges the ends should be 
raised relatively higher than for long spans. For example, if the theoretical deflection of the 
ends due to dead load, Case I, were such that we should have to give the ends only a $-inch 
lift, for practical reasons we would make it probably 50 per cent more, or ?# inch, to allow 
for extreme variations in temperature, which cannot be provided for by any assumptions that 
we might make. 

There are other simple forms of end lift, such as the wedge, for instance, which, however, 
do not lift the ends, and therefore do not properly belong here. What they do is simply to 
give the ends of the bridge a firm bearing for certain conditions of temperature, and prevent 
the ends from hammering.* Under certain conditions of temperature changes, the ends 
may not touch their supports at all, which necessitates a new adjustment for the wedges. 
Again, under other conditions of temperature, the wedges may be held so firmly in place as 
to make it difficult to draw them out from under the ends of the arms, so that any form of 
end lift which has to be adjusted for different conditions of temperature is usually left out of 
adjustment, because it is impracticable to handle the bridge otherwise. 

There is another kind of end lift, suitable for short spans, which should be explained here. 
In the end lift just described the shock transmitted to the masonry, when closing the bridge, 
may be so objectionable as to preclude its use. The form shown in Fig. 395 should then be 
used. 


Fic. 395. 


In this form of end lift the bridge is first swung into line and latched ; then, by turning 
the vertical shaft A, the wheels B revolve about their centres, and at the same time force the 
suspended wheels W under the ends of the arms. 

Let Fig. 396 represent the motion of the parts of the end lift shown in Fig. 395. Let 
represent the required lift of the arms in feet. Let R represent the load on wheel W when 


Fic. 306. 
the maximum lift has been attained. Then the total work done in raising the end = x <i 
2 


As the time for opening or closing a swing bridge is usually limited, let ¢ equal the 
number of seconds required to raise the ends; then the mean power required to raise the ends 
Rxh 


2t 
* See Plate IV. 
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This form of end lift is well adapted for use in spans under 250 feet long, where the 
distance at the abutment from the base of the rail to the masonry is limited. 

The Screw-jack or Direct Lift—Iin this form of end lift the load at the ends is lifted 
directly by means of screw-jacks placed at the four corners of the bridge. These jacks are usually 
four in number. They are all connected by means of shafting and gearing, and are worked by 
a motor from the centre of the bridge. The screw-jack is well adapted for use in long spans 
where the value of %, or the distance through which the ends must be lifted, is a large factor. 
RXh 


The mean power required to raise the ends is, as before, Fig. 397 shows a form of 


screw-jack under one end of a bridge. 

No attempt is here made to show the actual form of screw-jack as generally used, but 
the illustration is adapted to show simply how a screw-jack could be made to exemplify the 
principles used. In Fig. 397, if the wheel Wis turned we turn the screw in or out of the 
cylinder C, which correspondingly lowers and raises the end of the span. The lower end of 
the screw-shaft turns in a socket in the pedestal P. 

In any form of lift wherein the multiple of force of the moving parts of the mechanism 
remains a constant, the power required varies directly with the load. If the load is uniformly 
varying, the power increases uniformly to the end of the lift. 


fy 
| 
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FIG. 397. Fic. 308. 


In Fig. 398, let / be the half length of a swing bridge and w/== W the weight of one arm. 
Let R represent the final force applied to the end lift, which we can assume to be a screw- 
jack. Then the deflection 


= ee a pee oe eo e e e@ ‘ ° (1) 
= ie aes 
in which d is positive downward. 
From eq. (1) we have 
ra{iw—ax%et. e ° ° e e e ° ° e ° (2) 


In eq. (2), whend=0, R= 3W; which is the reaction for a beam continuous over three 
supports and uniformly loaded. . 
att has been shown that the full amount of the end deflection should not be taken out by 
the end lifts, but rather only one half this amount, or perhaps a little more than one half, to 
allow for variations of temperature of the two chords; so that R should not be §W, but 
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rather nearer ;3;W. The value of & then varies from zero to about 8, W; and in any form of 
end lift, such as the screw, the force applied would vary in the same ratio. 

Now, in order to equalize the horse-power expended in lifting the ends, the speed of the 
engine should vary inversely as the force required. This means that the engine would some- 
times be racing, while near the end of the lift, when & becomes nearly 8, W, the piston speed 
would be very much reduced; while under unfavorable conditions the engine might become 
stalled. To preclude the possibility of such an occurrence, the engine should be able to 


Rees = mean power 


develop the full power required at the average piston speed: that is, 


required; wherein KR = 2; W, ¢ = time for lifting in seconds, and 4 is the value of d* in equa- _ 
tion (2) when R= 3,W. Now, it frequently so happens that the maximum horse-power 
required is for lifting the ends, and not for turning the bridge; so that probably an engine of 
less capacity could be used if some means were employed by which the multiple of force used 
in the end-lifting arrangement were made to vary with the load. This is practically accom- 
plished in the end lift known as the ram, which is described further on. 

The objections to the screw-jack apply in general to all similar forms of end lifts—that is, 
where no provision is made for varying the multiple of force with the load. Notable among 
the similar forms of end lifts is the hydraulic jack. Here the load is lifted by a hydraulic 
ram instead of a screw; and the medium for transmitting power is glycerine or alcohol, 
instead of gearing and shafting. Although this is a most useful means of doing work in all 
forms of mechanism, it is objectionable for lifts for swing bridges on account of its tendency 
to leak. Swing bridges have been built which can be raised and lowered bodily by means of 
hydraulic jacks at the centre. The work done in raising a bridge bodily is considerably more 
than the work done in raising the ends. Their ratio is about as five to one. Among such 
examples may be mentioned the Harlem River Bridge of the Manhattan Elevated Railway in 
New York.+ This bridge is lifted bodily from the centre by means of a hydraulic jack. 


eee oe See 
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377. The Ram with Toggle-joints.—In this form of end lift the multiple of force is 
varied, so that it isa minimum at the beginning of the lift and a maximum at the end. 
Fig. 399 shows in outline the form of mechanism employed in the ram. No attempt is 


* This value of d, however, is obtained in another way more accurately by computing the actual deflection of the 


ends of the arms, and taking / = g 
2 


+ This bridge was designed by Mr. Theodore Cooper, C.E. 
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here made to show the actual form of the parts used. The screws S, one at each end of the 
bridge, are turned by means of shafting and gearing from the centre of the bridge. As the 
screws turn, the nuts J, called the cam nuts, travel in guides, up or down, on the screws, 
which action shortens or lengthens the toggle-joints, and at the same time lowers or raises the 
ends of the bridge. 

In Fig. 400, let R represent the end reaction, which equals the load to be lifted. As pre. 
viously shown, R may vary from zero to 33, W. Let a, 6, ¢ represent the toggle-joint fixed at 
a. The toggle is worked in and out by means of a horizontal bar H, which is coupled at e to 


Fic. 400. 


the arms fe and ed. The distance dd’ represents the travel of the cam nut, which receives a 
thrust = P from the screw. 
Let / represent the thrust in the arm ed from the cam nut at @; then we have 


= tee 0, 
2 
sce D,* 
2 
H= F cos 6+ Ssin $3 


AS gl ib “(cot 6+ tan ¢). 


But 77 = eR stan); 


erat nc) sie) 


tan & 


Pan | 
ari cot 6+ tan & 


From eq. (3) we see that when R = 0, P=0; also, when ¢ =O we again have P=O. 
That is to say, P, which is the thrust on the cam nut, and consequently may represent the 
effort of the motor in lifting the ends, is zero for minimum and maximum values of &. 

In Fig. 401, the curve Oad represents the effort of the engine during a piston-travel Od, 
when the lifting arrangement is such as previously described. The straight line Oe represents 
the effort of the engine during the same piston-travel when lifting the ends with a direct lift, 
such as the screw-jack. 


; p ; i Te ; 
* Since the vertical component in fe = vert. comp, in ed = 7 3s de is horizontal. 
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From the figure we see that the maximum effort of the engine in the first case is much 
less than in the second—which proves that the ram is a better form of lift than the screw. 

The dotted curve Oa'd’ represents the curve of effort for an end lift, wherein the horizon- 
tal bar H described in Fig. 400 is omitted, and where ded, which is now one straight member, 
comes into a horizontal position when adc becomes vertical. This curve shows that without 


Effective Pressure on Piston 


ie) : Piston Travel 


Fic. 401. 


e 


the horizontal bar HY the ram is not as efficient as the screw, for which the curve of effort is 
represented by the straight line Oe’. 

These curves were all plotted from actual examples, and clearly show the advantage in 
using the ram as compared with any other known form of end lift. For any given case the 
areas of the figures Oad and Oa'd’, and the triangles Oed and Oe'd’, are all equal to each 


; xn : 
other, as they represent the total effective work done, ae regardless of the manner in 


which the ends are lifted. 

378. Machinery for Operating Swing Bridges.—The machinery for operating swing 
bridges comprises all the machinery necessary for raising and. lowering the ends, as well as 
for turning the bridge. Swing bridges are usually operated either by hand power or steam 
power. Electricity has been applied for operating them; but here, as in all similar applica~ 
tions of electricity, it is only a means of transmitting power from the steam-engine or the 
turbine. Gas-engines have also been employed for driving the machinery for swing bridges; 
but in any case, whatever may be the source of the power employed, the motor which drives 
the moving parts of the machinery must be attached to the motor shaft, so that, in designing 
the machinery necessary for operating a swing bridge, the kind of power to be employed need 
not enter into consideration at all until, perhaps, we come to provide the necessary space for 
the motor, its attachments to the motor shaft, etc. 

The simplest means for turning a swing bridge would be to pull the ends of the bridge 
into position, for opening or closing, by means of a rope attached to one end; and this is a 
good method to employ for turning any swing bridge whenever the machinery becomes dis- 
abled and no other means are at hand for applying the available steam or hand power. 

The force necessary for turning is usually applied to the circular girder or drum in rim- 
bearing bridges. In centre-bearing bridges the force is applied to some member of the bridge 
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proper, usually a cross-girder or floor-beam. It frequently happens that one arm of a swing 
bridge moves over dry land. In that case it may be convenient to apply the force necessary 
for turning at one end of the bridge. This will enable the designer to place all of the 
machinery for operating the bridge on dry land. However, for many reasons it is desirable 
to have the motor and all the necessary machinery on the bridge self-contained, so that the 
foregoing plan cannot be recommended. 

In this article, only such machinery will be described as is ordinarily used in operating 
swing bridges; that is, where the force necessary for turning is applied, near the centre of the 
bridge, through one or more pinions which mesh with the teeth on a circular rack. The 
pinions are keyed to vertical shafts, and when more than one pinion is used they are usually 
placed in pairs diametrically opposite to each other. The vertical shafts are connected 
through bevel gears with a horizontal shaft, which in turn is connected by gearing to the 
motor shaft, usually called the engine shaft. 

379. Resistances.—The work to be done in operating a swing bridge is: first, the 
lifting of the ends, which of course includes the work done in overcoming the resistances of 
all the moving parts, as well as the internal friction of the engine; second, the work done in 
turning the bridge, which includes the work done in overcoming the resistances due to inertia, 
wind pressure, and the resistances of all the moving parts. The frictional resistances are: 
rolling friction between the rollers and the top and bottom treads; sliding friction between 
the disks under the centre pin, and between the collars on the spider-rods and the rollers; and 
the resistances of the machinery, which may include both rolling and sliding friction. The 
resistance of inertia is the force required to accelerate the motion of the bridge. The resist- 
ance due to wind pressure is indeterminate and can only be arrived at approximately. If the 
wind blew perfectly steady, so that the pressure is uniformly distributed over the exposed 
area, it would offer no resistance to the turning of the bridge, as the pressure on one side of 
the centre would equalize that on the other whatever the direction of the wind. The wind, 
however, never blows steadily, but in gusts, and the pressure is never uniformly distributed, 
so that for a long-span swing bridge the velocity at one end seldom equals that at the other. 
When it becomes necessary to open and close a swing bridge in all kinds of weather, the 
motor used should be capable of developing sufficient power to turn the bridge when the 
maximum and minimum velocities of the highest wind under which it is considered safe to 
operate a swing bridge are acting on the opposite ends at the same time. 

Although it will be shown that the unbalanced wind pressure may offer the greatest 
resistance to turning and frequently determines the horse-power to be used in operating the 
bridge, the various resistances to be overcome will be here considered. 

In what follows it will be convenient to reduce all the various resistances to lifting and 
turning to work done in foot-pounds per second, including the losses due to the transmission 
of power through the gearing, etc. 

Lifting the ends. 

Let R =28W represent the total load to be lifted; 
h = the total lift in feet ; 
¢ = time in seconds for lifting. 

Then, since the maximum rate at which the work is done is that at the end of the lift 

where the reaction is X, we have for the power required, 


P ERK 3Wh 
ower = z ae 367k 


This represents the maximum rate at which the work is done, in foot-pounds per second, 
at the ends which are to be lifted, and does not include the power lost in the resistances of 


the moving parts of the machinery. 
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Turning the Bridge-—In determining the power necessary for turning, it will be most 
convenient to first find the resistances to turning, and then determine their equivalents at the 
pitch circle of the rack, since it is at this point that the force to overcome them is applied. 
- Rolling Friction. 
Let &, = radius of the drum; 

R = radius of rack circle; 

W, = weight on rollers under drum; 

¢, = coefficient of rolling friction ; 

F,, = force at rack required to overcome rolling friction. 


Then 
IKe. 
F, = o,Wy- cae o)) ‘@) es @F_ eo ter 8.e) 1 Ose. Ome (4) 


Sliding Friction between Disks. 


Let R = radius of the rack circle; 
W, = weight on the centre pin; 
d@ = diameter of disks; 
%, = coefficient of sliding friction between disks; 
F,, = force at rack required to overcome sliding friction. 
Then 
ei ‘ 
f= OW os ee) 


Collar Friction.—For the friction of the washers and collars at the ends of the spider rods, 


Let 7, = interior radius of collar; 
v, = exterior radius of collar; 
vr = radius of the rollers; 
&, = coefficient of collar friction. 
W, = weight on the rollers; 
Rand R, the same as before ; 
F. = force at rack to overcome collar friction. 


: ‘ PAP 
Then the force with which the rollers are pressed against the collars = W, x Rp 
1 
From mechanics, the lever arm of the friction or the radius of the circle at which the 
aie. : 2 Yr, —7r; 
total friction may be considered to act = 3 x +. 
Lisp are 1 


The ratio of the force at the rack to the force at the centre of the track required to over- 


come the collar friction = Bip Then 


R 
F-— Ai x a 5 ee AS W. ue 4 Te ae Ti p, W, 
(od a ee aiae op x R x —p; pox 2 Rae ova rae »< R eo e (6) 


Wind.—To find the effect of the wind, let » =: the unbalanced wind pressure acting on 
one arm, and let f= the distance of the centre of pressure on any member from the verticai 
plane through the centre of rotation and parallel to the direction of the wind, the direction of 
the wind being assumed to be normal to the plane of the truss; let @ = area of that member, 
and let /, =a force which placed at the rack would balance the total unbalanced wind 
pressure. Then, since R = the radius of the rack circle, we have 


_ 2(4af) 
Fy 2) 0 eel er 
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However, it is sufficiently accurate to consider the total wind pressure as acting at a 


distance g from the centre = one quarter the length of the bridge; then letting P = the total 
wind pressure, we have 


Ps 

Inertia—The work done in overcoming the inertia of the bridge is equivalent to the 
kinetic energy acquired by the total rotating mass when the maximum angular velocity has 
been attained, and this same amount of work will have to be done in bringing the bridge to 
rest; although, in the latter case, the resistances due to friction, and perhaps wind, retard the 
motion of the bridge and assist in bringing it to rest. 

In order to determine the kinetic energy acquired, it is necessary to find the moment of 
inertia of the entire bridge with reference to its axis of rotation. However, it is sufficiently 
accurate to consider the bridge to be a rectangular parallelopipedon of uniform density and of 
the same weight, whose length and width are the same as those of the bridge, and whose 
depth, or dimension parallel to the axis of rotation, is any convenient quantity. 


To find the mass which, placed at the pitch circle of the rack, would produce the same 
moment of inertia: 


Let & = radius of rack circle; 
Wf = mass at rack circle: 
J = moment of inertia of entire bridge. 


Then 
IT 


Let v = maximum linear velocity at rack circle; 
¢ = time for uniform acceleration ; 


é Vv 
a = rate of acceleration = ae 


Then the kinetic energy attained for the velocity v at the end of ¢ seconds = $MM", and 
the constant accelerating force applied at the rack circle is 


ly 
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380. Summary of Resistances in Turning.—Summing the resistances at the rack 
circle, we have 


ee 
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which is the force to be applied at the rack circle to overcome all the external resistances. 

Resistances of the Machinery.—The losses due to the resistances of the moving parts of 
the machinery are usually expressed in percentages of the net resistance at the rack circle or at 
the ends of the bridge. These losses can only be determined by experiment, but are nearly 
a constant for any given arrangement of machinery. For swing bridges the loss due to 
resistance of the machinery is usually taken at 100 per cent of the work done at the pitch 
line of the rack circle in turning the bridge, or at the ends of the bridge in lifting the ends; 
then 


3Wh 


Total power required in lifting = 2(3—-) ft.-lbs. per second; 


66 os s “ turning = 2/7 ft.-lbs. per second. 
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The time ¢ for lifting, and the time ¢ for acceleration in turning, having separate values. 
381. Design for Engine.—for Lifting the Ends—The total horse-power required, 
including all resistances of the machinery, is 
Wh 
eed 
H.P = ee ee ee ae Yee ea We yee ee ey Ce AC iC) 12) 
550 ( 


in which ¢ = time in seconds for lifting ; 
ye = toral hithin weet: 
W = total load in pounds to be lifted. 

For Turning the Bridge.—lIf it is desired to uniformly accelerate the motion of the bridge 
during the first half of the quarter turn, and uniformly retard the motion during the last half, 
then Z, the time for acceleration, becomes one half of the whole time consumed in opening the 
bridge. 

If it is desired to open the bridge by accelerating it until it attains a given velocity, which 
is to be maintained until the motor is reversed or the brakes put on, when the bridge is 
brought to rest, then, 


Let 7 = time required for opening the bridge; 
L£ =} circumference of rack circle; 
v = maximum linear velocity at rack circle; 
= space on rack circle in which bridge is to be accelerated ; 
2, = space on rack circle in which bridge is to be retarded ; 
L — (¢+- 2) = space on rack circle in which bridge is to have a uniform velocity of v; 
z = time for accelerationi ; 
, = time for uniform velocity v; 
z, = time for retardation. 


Then 
T=t+27,+4; 
a ot, en alee) 
aie ae v ; ree! 
L+i+/ 
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L Rcotees 
When7 = 7 <= 3° which is usual, we have 


_bL 
v= a7 © 0 le, Te) *e “en Keer -viemue itor (14) 


The value of v is then substituted in the equation for the power required in turning 
(eq. 11). Then the total horse-power required in turning is 


He = 550° ee eee See ee eee er Yh te (15) 


where F is the total force applied at the rack circle by eq. (10), and v is the maximum linear 
velocity at the rack circle. 

Having determined upon the horse-power to be used, which determines the elements of 
the motor, we can then work back from the motor through the various parts of the machinery 
to the rack circle, or to the ends of the bridge, and make every part capable of resisting the 
greatest force which can come upon it from the motor. In that case it is customary to 
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assume all the parts to move without any resistance, which is an error on the side of safety. 
Then the total work done by the motor in foot-pounds per second = H.P. X 550. 
Assume the motor to be a steam-engine. 


Let z = greatest number of revolutions of engine, or maximum engine speed, per minute ; 


-= length of engine crank; 


ad = diameter of cylinder in feet ; 


m = ratio of diameter of cylinder to stroke, or m = : : 
p= steam pressure in pounds per square foot. 
Then for an engine taking steam during the full stroke, 
au l*n 
H.P: = /—<——_ = W; oie One we 6.) 6 e6 ae me 
eG ; (16) 
W X 120 . 
-- —_—____—_——_-. ° e ° e ° ° ° e ° ° ° I 
m == pal*n (17) 


But d = m X J, from which knowing m, and assuming a value for /, we can find d. 

All motors used for swing bridges should be reversible and capable of exerting their 
maximum force during any part of a revolution. If the motor be a steam-engine, the engine 
should be of the double-cylinder type * with a link motion for reversal. The size of the cylin- 
ders should be such that the engine would be capable of exerting the full force required 
during any part of the stroke. With such a motor, a swing bridge can be turned in either 
direction, and by reversing the motor it can be used as a brake. This is very important in 
bridges which have to be opened or closed rapidly, or handled during high winds. 

382. Constants.—The coefficient of rolling friction, ¢,, as determined in the experiments 
on the Thames River Bridge,t was 0.003. The coefficient ¢,, for sliding friction, may be 
taken ato. The coefficient ¢,, for collar friction, may be taken the same as for sliding 
friction. In the formula for the effect of unbalanced wind pressure, / may be taken as the 
pressure due to a wind velocity of thirty miles per hour, or p = U- > 004 == "3.6.7 “Tlowever, 
when the unbalanced wind pressure is due to a wind velocity of thirty miles per hour it is the 
predominating resistance. Such an unbalanced wind pressure may never occur when the 
bridge is swinging ; and it is customary, when it is considered, to neglect all other resistances. 
In other words, the motor would then be able to hold the bridge only against the unbalanced 
wind, as a brake, without attempting to turn the bridge against the wind. 

Let P = total unbalanced wind pressure ; 

£ = distance of centre of pressure from the centre of bridge ; 

R = radius of rack circle ; 

F,, = force at rack circle to balance P. 
Phen f= re and the total horse-power 
HORA Tak ors Ms Pied Gem etre) 

550 

in which v is the velocity at the rack circle when the unbalanced wind pressure occurs. The 
value of v is taken about one half the maximum value, or when no unbalanced wind pressure 


is considered. 


iis bel gre 


* This form of engine is commonly known as the marine engine. 

+ See a paper on the Experimental Determination of Rolling Friction in operating the Thames River Bridge, in 
Vol. XXV of the Transactions of the American Society of Civil Engineers, by Alfred P, Boller, Jr., and H. J. Schu- 
macher. ° 
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DESIGN OF A 216-FOOT SWING BRIDGE. 


383. Data.—The following data will be taken: 
A single-track swing bridge 216 feet long, to be operated by hand power exclusively. 
Two trusses placed 16 feet apart (14 feet in the clear). 


Four panels in each arave.. << 5 5¢<-0 eens 25 ft.o in, = 100 ft. x 2 = 200 feet. 
One.centre: panel <. 0%, doa vise fo vis mee ae oe eee ee renee eens == ji 
Total length centre to centre of end pins.. .....-..++ssevere Seine 21 Oe 
Depth of trusses 25 feet at ends (21 feet clear). 
“ec ““é “6 40 feet “ centre ( 46 “6 \ 


Distance from base of rail to under side of bridge not limited. 
Distance from base of rail to top of centre pier not limited. 


The links at LZ’, Fig. 402, being at all times practically vertical, the stresses in the two members £’é 
are at all times equal to each other. 

384. Floor System and Laterals.—Having fixed upon the outline of the trusses, the design of the floor 
system, that is, the stringers and floor-beams, follows as described in Chapter XXI. 

The next step will be to design the wind trusses, or lateral systems. 


a b c d e e ad c b a 
FIG. 403. 


Bottom Laterals.—Make all the diagonals of angles with riveted connections, so as to resist both tension 
and compression, 

When it is possible to do so, the laterals should be riveted to the flanges of the stringers at their inter- 
section. 

The laterals in the middle panel ee, Fig. 403, may or may not be omitted, according to the arrangement 
of the turntable. 

Top Laterats (Fig. 404).—Make all the diagonals of angles. Make all the bracing for portals at B, D, 
and & of angles. Make all the struts at C and & of angles. 


Fic. 404. ' 


When the bridge is swinging, the entire wind pressure on the top lateral system goes to the turntable. 
The wind forces accumulating at D are transmitted to the turntable by means of direct bending in the posts 
De (see Fig. 402). 

The laterals in the panel DE are omitted. The lateral wind force at E is transmitted to the turntable 
by means of direct bending in the posts Z’e. 

When the bridge is closed and the ends are raised, the portion of the wind forces which goes to the 
abutment is transmitted by means of direct bending in the end posts aB. 

The stresses in the lateral systems are analyzed as shown in Chap. XII. The bending moments in 
the posts are computed on the assumption that the ends are fixed as shown in Chap. X, Art. Deis 


These bending moments are used in proportioning the posts, and combined with the direct stresses from 
the vertical loads. 


iia 
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385. Dead Load.—Having dimensioned all of the parts which are not influenced by the stresses in the 
main trusses, their weights may be computed. We need therefore only assume the weight of the main 
trusses. However, we know that the weight of the main trusses for any swing bridge is about the same as 
for a fixed span of the same length minus the weight of the turntable to be used. 

We can then assume for computations : 


Total weight of two main trusses........ = 135,000 lbs. 
< se “ floor system (computed) = 70,000 “ 
ce im “lateral systems ( “ y= Wpkeo 


Total weight of iron-work above turntable = 222,500 


Check : 57? — 50/ = total weight of iron-work. 


Assume dead load per foot = w (iron) + 400 lbs. (track). 

The stresses are then computed for the various cases as shown in Chap. XII, and the members are pro- 
portioned as shown in Chap. XVII. 

Having proportioned the main trusses, their weight is computed, so that we finally get the computed 
weights of all the iron-work above the turntable. 

386. The Turntable, including the turning and end-lifting arrangements. 


Let us assume that the total weight of the iron-work above the turntable came out as assumed, 527 — 50) 
= 222,500 lbs. 


Weight of iron-work above turntable = 222,500 lbs. 
¢ etracCki— 72100 400 == (iio) 


Total dead load on turntable = 308,900 “ 
Maximum live load on turntable (Case IV) = (say) 405,000 “ 


Total live load + dead load on turntable = “ 713,900 “ 


The turntable to be used is to be rim-bearing and centre-bearing combined. (See Fig. 405 for general 
outline of turntable.) The total load on the turntable comes on the four corners P of the square formed by 
the longitudinal and transverse girders, as explained in Art. 375 of this chapter. 


ie 
If P is the load on each corner, then one half goes each way to 4, so that the load at # is a The load 


at p is carried equally to the two adjacent radial girders by means of short cross-girders aa, called dia- 
phragms. The load at a is then again divided, a.portion going to the centre C and the remainder to the 
sixteen points don the rim. For this case 

JM ED Se fags) 


the load ontherim = ats = QC 


Ae X<a225 
and the load on the centre = ere 


SS Ooi’ 

The longitudinal and transverse cross-girders are designed as simple beams supported at Z, and loaded 
at each end by a load of 4?. The diaphragms aa are designed as beams supported at each end, and loaded 
at the middle by a load of $7. 


P 
The radial girders Cd are designed as beams supported at each end, and loaded by a load of i at 2.5 


feet from one end. 

In designing the circular girder or drum, the analysis for a straight beam will not apply. However, it is 
assumed, in order to provide ample strength and stiffness, that the circle is composed of a series of straight 
beams of a length equal to two segments dd, or one eighth of the circumference of the circle. These beams 
are assumed, furthermore, to be disconnected, that is, free at their ends, and loaded in the middle by a load 


8 ; 
= 2 x BS. for this case, with end supports. 
fi” Tai! 


Total dead load on turntable..............-.-+--- BARC HODR OR CR oe = 308,900 Ibs. ; 
Maximum live load on turntable........ JO eG SOO OOR ECO Dee scee Scola eee) © 
Turntable weighs (Say) ..-.-.+sesseeseeeee Mise eve oN eins <i %s sey) QOHoa =n S6, 200) 
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Transyerse Axis | 
112332" 


Longitudinal Axis 


ULL = Aco On oo 
ULL ULL We Z TITITITITITITITTITITITIATITITTT TLL 


[ee ear 
-———-—— 12g -—__-___ 


FIG. 405. 


Rack Circle 


: el 
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Total dead load on rollers.......... = a X 3.115 = say 307,800 Ibs.; 
Sm UEVeOAGs wn Me de eee =e x Batibo STIS; 400 mice 
smcleadnloadinscnCentreryesee cen = a x 0.885 = “ 87,400 “ 
lejiveloat ae Wee pce _— x 0.885 = “ 89,600 « 
Assumed diameter of rollers .........00..eeeeeeeeees = 18 inches; 
Numbet-of rollers). cat doses sasseeesees == mo x* = = say 40 rollers 18 in. diameter; 
Permissible bearing on rollers (static).... = 300 x 18 = 5400 lbs. per linear inch; 
cs aw cs * (moving).,.= 150°x 18'= 2700" ** <s 
Total number linear inches required (static) = a = 124 inches; 
Ae se “< “ (OVA) — ee = = 123 inches. 


Use forty rollers, 18 in. diameter, 4 in. face = 160 linear inches, to be of cast-iron with chilled faces. 
The treads for rollers should be made of wrought-iron or steel. The latter is preferable and may be of the 
same grade as that used for track rails for railways. 


Permissible bearing on centre (static) .......... GOGH 6008 = 6000 lbs. per square inch; 
es ss oe mmiceema( DULYINIEA 1) eyo! stor cves sfotetero Sherer vei c- =F SOCOM mn ss oe 
; ite ‘ 177,000 
ATeapreguined inudisksi(Gtavic) ir ircceiae 6 vi-ie167s/ 1 = ee = = 29.5 square inches; 
000 
; 87,400 
oe cs GE (aera). 662 oapanccs000e ee 120) 2 es we 
3000 
ise aicentre pio. inches Giamectet.:. ois: e+ nes elle ns o's Sse  & of 
“ 3 disks 6s a“ Rees oe at ne ae =307 “ “ 


The upper and lower disks to be hard steel and the middle disk to be phosphor-bronze. The centre 


: : : 177,000 A : : 6 
casting requires for bearing on the masonry iat 2 590 square inches. Use casting with base 27.5 inches 
00 


diameter = 594 square inches. 

The next step in order should be the turning and end-lift arrangements ; but before we can proceed 
with the latter it is necessary to know the end deflection. 

387. Framing of the Trusses for Proper Camber and End Deflection—The lengths of the members 
should be such that with a proper elevation of the ends the bottom chord is a horizontal line under the 
maximum load. 

(I.) Compute the normal lengths of the members, assuming the elevation of the ends to be normal. 

(II.) Increase or diminish the lengths of the members according as they are under compression or 


Z 
tension, respectively, when the full live load is on the bridge. This change of length is rigidly eo for each 


member, where 7 is the total live and dead load stress per square inch in that member. Since such meas- 
urements of length are made only to the nearest sy inch, the change of length used is taken so as to give 
the final length in even thirty-seconds of an inch. 

(III.) Find the change produced in the elevation of the ends due to the change in the lengths of the 


2 a GE 0 
members by the formula given in Art. 200, Chap. XV, D’ = = ; wherein is is to be taken as the “change 
of length used ” in (II) for each member. The value of D’ in this case is called the camber deflection. 


o 


(IV.) Find the end deflection, span swinging, dead load only acting, by the formula.) => he 


value of D in this case is called the true deflection. 
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(V.) Assume that one half of the deflection, from (IV), is eliminated by lifting the ends; then shorten 
the upper chord, near the centre of the bridge, so as to raise the arms the remaining one half of the end 
deflection from (IV) plus the whole deflection caused by the change in the length of the members, or con- 
dition (III). Let D = deflection from (IV), or the true deflection; let D’ = deflection from (III), or the 
camber deflection. 

Assume that 4D is eliminated by lifting the ends; then the remaining $D + D’ is to be eliminated by 
shortening or lengthening the upper chord near the centre of the bridge, according as the value of 30+ D 
is plus or minus. However, although the value of J’ is usually minus or an upward deflection, it is never 
greater than 4D; so that 4D + (— D’) is always plus, which necessitates shortening the upper chord, ana 
never lengthening it. 

388. The Turning Arrangements.—Let us assume the time for opening or closing the bridge by hand 
power to be 240 seconds; then if the time for uniform acceleration, ¢, = 120 seconds, the maximum velocity 


at the rack circle, which is twice the mean velocity, v, = —— =0o0.16 foot per second. If the bridge is 


to be operated exclusively by hand power, no provision is made for swinging the bridge against unbalanced 
wind pressures; so that the force /y at the rack circle necessary to overcome wind is here neglected. 
From eq. (10) we have 


T= yee on OLeCe atraekacincler 


R Il. 
3 F,= Wr = 0.003 X 307,800 x a MR 5 == tet |loeys 
d 

F, = ¢2W.—- = 0.1 x 87,400 x Eesrdier, Sarton = 1G © 

3R Bex 2.5 

PR ne W, 6 i" 
iho a te ee 860 “ 

30 42° — 7) Rk BS 12.5) 2 
fine lu __ 395,200 x 62.5° xX 0.16 *) Aas 
a Re 32.2 X 12.57 Sway at fora ioe = I 

IP ee oT. 


The total force required to overcome all resistances equals twice the net resistance = 4446 lbs. With 


two men on the turning lever at 50 lbs. each, the multiple of force by gearing = feat 44.46. The time 
2 


iGo: 2 


to open or close, with men walking at the uniform rate of 4 ft. per second = 44.46 x au, x 


I 
a 222 seconds 
= 3 minutes 42 seconds. 

The maximum rate of walking would then be 8 feet per second. If the velocity v is generated in less 


than 120 seconds, the maximum rate of walking would be less, to open in the same time. 


389. The End-lifting Arrangements.—The total power required in lifting the ends, eq (11), = 2(3 =) 
16¢ 
in foot-pounds per second, in which 


W = total dead load above turntable = 308,900 lbs. ; 
A=litt in feet one eee SSiOHit this 2 
z= time required for lift in seconds. 


2X3%X 308,900 
= 1158. 
KO) X=2) Xa50 
The time required to raise the ends, with men walking 4 ft. per second, = 1158 x 0.1 x } = 29 seconds 
In case it should become necessary to operate the bridge more rapidly, it would be advisable to intro- 
duce a steam-engine or some other form of motor. 
Assume the time is to be limited, so that the total time for opening or closing shall not exceed 75 Sec- 


With two men on turning lever at 50 lbs. each, the multiple of force by gearing = 
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onds, including the time necessary for raising or lowering the ends. Let the time of opening be 60 seconds 
and the time for acceleration = 30 seconds; then the maximum velocity at rack circle, 


_ 25 X 3.14 
Os eee: = 0.65 ft. per second; 
fv 2 62.5" x 0.6 
ee eke; = 6661 Ibs. ; 
eae BYRD) Se TIONS” SS GXO) 
Lima ev ASIDCLOLCLs ciettemcsiees cise cect = 1oy & 
JE =) 


The force required at the rack circle for such a rapid acceleration will be found to be ample to hold the 
bridge against any unbalanced wind pressure, so that the wind is here again neglected. 


2Fyu ie 2 x 8468 x 0.65 __ 


Horse-power required.......... = Pen) Ba 1BL8 
550 550 
Let Z, the time for lifting, = 5 seconds. 
(oF 
Horse-power required = LOR aay Berea ses ocoee l= A: Pos 
550 LOR 55005 


Entire time required for opening or closing = 65 seconds. 
Use 20 horse-power engine with double cylinder and link-motion for reversal. 
Then, from eq. (16), H. P. x 550 = 11,000 foot-pounds per second. 


From eq. (17) we have 
oe (CE x 120, 
rr prin’ 


in which # = pressure in pounds per square foot.........--.++. = say 5760 lbs. ; 
Z= length of stroke... ..- 20.2 -ee eee ce cence ree teeees = Say Oyj: 
w = maximum engine speed or revolutions per minute = 250. 


Then 


/ II,000 X 120 
m= = 0.91. 
5760 X 3.14 X 0.343 X 250 


Diameter of cylinders = m x 7 = say 7 inches. 
ZOE Onz 


Two cylinders 7 in. diameter, 8 in. stroke, with a maximum piston speed of — = = say 333 feet 


per minute, which is below the maximum piston speed generally allowed. ~ 

After determining the elements of the motor to be used, the next step would be to design the 
machinery, making every part strong enough to resist the maximum force which can come upon it from the 
motor. This branch of the design of swing bridges will not be treated here, as it properly comes under the 
head of machine design, and is fully treated in standard books on this subject. 
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CHAPIER XXyV. 


TIMBER AND IRON TRESTLES AND ELEVATED RAILROADS. 


I. TIMBER TRESTLES. 


390. Use of Timber Trestles.—Timber trestles are used in America under the follow- 
ing conditions: 

(z) When the first cost is less than that of an earth-fill. 

(6) When water-way must be left and it is not practicable to build either bridges or cul- 
verts on the first construction of the road. 

(c) When the financial condition of the corporation will not admit of a more permanent 
kind of structure. 

It has been estimated that there are at present in the United States at least 2400 miles 
of railway wooden trestle, of which at least 800 miles are likely to be permanently maintained 
as such. It is very common to build wooden trestles on a new line of road, and when it 
needs renewal to make an earth-fill. This can be done very cheaply after the line is con- 
structed; and if the earthwork comes high on the first construction of the line, it may be 
economical to do this. Wooden trestles are built of all heights up to 150 feet, and although 
a multitude of patterns have been successfully employed, there are certain guiding principles 
which lead to a nearly uniform best practice. No discussion will be here given of simple pile 
bents, as not properly being framed structures. Neither will the subject of pile driving or the 
bearing resistance of piles be here entered upon.* The foundation of a framed timber bent 
is preferably composed of masonry or solid rock, but next to this piles are to be preferred. 

391. The Framed Bent.—Some illustrations of properly framed timber bents are shown 
in Plate VI, those in the upper portion showing the practice of the Pennsylvania Railroad 


Company, and in the lower portion that of the Norfolk & Western Railway. There are: 


always two vertical struts and two or more inclined ones, called “batter posts.” The batter 
is 23 in. to 3 in. to one foot. These, together with the sill and cap and the diagonal braces 
make up the frame, or “bent’’ as it is called, which is the elementary form of all trestle- 
work. When the timbers are all in pairs it is called a “double bent” see (the pattern used by 
the Toledo, St. Louis & Kansas City Railroad, Plate IX). Asin the case of a Howe truss 
bridge, the timbers here are not nicely proportioned for their loads, but the sizes are made 
1arge to allow for decay. Purely empirical rules of practice are followed in this matter, and 
the various types shown in Plates V to X have been selected as offering good examples to 
follow. 

392. Bearing Joints.—In Plate VI two kinds of bearing joints are shown. The mortise 
and tenon (Pennsylvania Railroad Standard) is giving place to the split cap, shown in the 
Norfolk & Western plans, Plate VI. Here the posts are notched to receive the two cap or 
sill pieces, a smooth surface being made on the outside at top to receive the stringer, and 
at bottom to rest on the bearing timbers. The advantages of this latter joint are that it 


facilitates repairs, and secures better timber for the caps and sills, since they are only half the 
thickness. 


* See Baker’s ‘‘ Masonry,” John Wiley & Sons, for the best treatise on Foundations, including piles, 
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Another form of this joint is that shown in Plate IX, where all the bearings are made on 
cast-iron plates. This adds materially to the life of the joint 
and insures a more uniform distribution of the pressure. 

Another method of accomplishing the same thing is by 
means of wrought-iron plates, as shown in Fig. 406. This 
joint has been used by the New York, Lake Erie & Western 
Railway, and is more fully described in Engineering News for 
Nov. 5, 1887. The plates may be stamped out and spiked 
on. They would probably more than save their cost in the 
time saved on the ground in the framing which is here ren- 
dered unnecessary. 

In all cases where timber is used in compression across 
the fibres, attention must be given to the area presented to 
the imposed load, using the working stresses given on p. 354. 

393. Floor Systems.—S¢tvingers.—The stringers should 
consist of two or three sticks each, well separated from each 
other by cast-iron washers, and bolted together. They should 
extend over two spans and terminate at alternate bents. They 
should never be notched down upon the caps. This greatly 
weakens the stick as a beam, causing it to fail by shearing, 
or splitting back from the base of the notch. They should be 
spliced by means of large packing blocks, which are notched 
down over the cap and bolted to the stringers, as shown in 
Plate VI. On the Minneapolis & St. Louis Railway (Plate V) 
these packing pieces are simply cullings from the stringer 
pieces, sawed to 53-foot lengths, and inserted with plain cast-iron washers for air circulation. 
The stringers are held laterally upon the caps either by bolting through or, better, by cast- 
iron brackets, as shown in Plate V. 

Corbels should not be used. They add to the cost, and furnish large joints for the storage 
of water, and hasten decay. They are shown on Plates V and VIII, but they should be omitted 
from all wooden-trestle construction. The bearing area and beam strength should be suffi- 
cient without them. Thus in case of a span of 16 feet, with an equivalent live and dead load 
of 6000 lbs. per foot, or of 48,000 Ibs. coming to the cap from one side, there should be at 
least three 8-inch stringers, and if the cap is 12 inches wide the bearing area is 6 X 24= 144 
square inches, This gives a pressure of 330 lbs. per square inch, which is about the limit of 
allowable bearing stress on white pine across the grain,* and might be permitted. If yellow 
pine were used for this work, three 6-inch sticks would be sufficient. 

For very high, and therefore expensive, bents they should be placed farther apart, as in 
Plate VII, and the stringers braced out from the bent as shown. The shortening of the span 
by means of corbels, as in Plate V, is of doubtful economy or expediency. Neither is it ad- 
visable to truss the stringers with iron rods and king-posts, as is sometimes done. The addi- 
tional strength from this source, with shallow depeus to the trussing, is very small, and too 
great reliance is apt to be put in such a combination. 

Packing. —The stringers should never be more than 8 inches thick, and are usually from 
14 to 18 inches deep. They should be separated two inches or more apart, and packed with 
the splicing timbers at the bents, as shown in Plates Vand VI. These splice or packing pieces 
are notched over the cap timber, but the stringers are not notched or framed in any way. 
When corbels are used the packing timbers may:be dispensed with, and cast-iron spools or 
separators used for packing, as shown in Plate V. 


* See p. 354, for working stresses. If smaller caps are used, a sufficient bearing area demands the use of corbels 
which should be made of white oak or some other durable hard wood. See Plate Xa, 
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The ties, guard-rails, safety or rerailing devices, etc., are not peculiar to this form of 
structure. 

394. Sway Bracing.—These are designed to stay the bents against lateral forces of all 
kinds and to add to the lateral rigidity of the structure. The batter posts assist greatly to 
this end, but when the bents are more than 18 or 20 feet high some kind of sway bracing 
should be employed. This bracing usually consists only of 2-inch to 4-inch plank, from 8 
to 12 inches wide, spiked to the sides of the bents, as shown in the plates. This is a very 
unscientific and inefficient kind of brace. This method of fastening cannot possibly develop 
the full strength of the brace. If the brace is thick, so as to have strength as a strut, it makes 
the leverage on the spikes so great that their strength is greatly reduced. If the brace is thin 
it has little strength as astrut, and besides the spikes have little bearing area. It is not 
practicable to insert simple struts in the plane of the bent, as “ bridging,” since this would 
require too many joints and too much cutting and fitting. The ordinary method of cover- 
planks, attached on the two faces of the bent, seems to be the only feasible scheme. It now 
remains to provide the most efficient connection. The greatest objection to the use of spikes 
is the small bearing area on the wood. Large treenails (wooden pins) would be much better. 
If 36-inch plank be used, and treenails 1$ inches in diameter, then the bearing area is 44 
square inches and the shearing area of the pin is 1? square inches. If the plank be of white 
pine and the treenail of long-leaf yellow pine or of white oak, the strength of the joint would 
be very much greater than if it were made of one 3X 12-inch plank fastened with three 4-inch 
square ship-spikes. The spikes will also rust rapidly just at the joint where the strength is 
most required. The treenails should be turned to a uniform diameter about #5 of an inch 
greater than that of the hole. The holes in the braces could be bored before erection, and 
then the braces lightly spiked to place, when the holes in the posts and caps could be bored 
in exact line with the outer holes. This would make a reasonably rigid and permanent joint, 
which would develop its full resistance without appreciable distortion. 

When the bents are more than about 20 feet high they should be divided into panels or 
stories, and sway bracing introduced into each panel. It is not possible to compute the stress 
on the sway bracing, except for assumed wind pressures. In fact, it never is computed except 
for very high structures. On low trestles the sway bracing is designed to resist the lateral 
throw of the engine and train rather than the wind pressure. 

395. Longitudinal Braces.—It is not uncommon to merely join the bents together by 
outside horizontal girts, or waling-strips, as shown on Plate IX, the diagonal braces being 
entirely omitted. This is a grave omission. For short reaches of low trestling it may be 
allowable to omit these diagonal braces between the bents, where there are provided substan- 
tial abutment resistances to take up the pull or thrust of the train; but it is not wise to rely 
upon such abutment action. 

The pull of two locomotives at the head of a train may be as much as forty or fifty 
thousand pounds. When these are upon a stretch of trestle-work, something must resist this 


longitudinal external force. When braking a train also, the horizontal thrust may be much’ 


greater than this, and these great longitudinal pulls or thrusts should be amply provided for. 

In this case a series of direct end-bearing struts may be introduced, as is done on the 
Pennsylvania Railroad design in Plate VI. Here a single row of 8” x 8” braces are intro- 
duced, joining alternate top cap-sills with the intermediate bottom sills in single-story trestle- 
work, or with the intermediate cross-girts in multiple-story trestles, as in Plates VIII and IX. 
With this joint there is a series of direct lines of struts from top to bottom, all end-bearing 
as any strut should be. There is no hindrance to inserting these braces in this manner. Tt 
is very bad practice, therefore, to. insert them in any other way, as is done in Plates VII 
and IX, where they are simply spiked or bolted on the outer sides; and to omit them alto- 
gether, as is so often done, even in high trestle-work, is simply criminal. 
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The ordinary practice in the design of timber trestles has been investigated by Mr. A. L. 
Tohnson,* chief computer on the U. S. Timber Test work, and he has found that the current 
factors of safety in such structures vary, for different members and for different kinds of stress, 
from less than unity to 25, the former being for crushing or bearing stress across the grain. 
In other words, these structures are now very irrationally designed. He recommends the two 
designs in Figs. 1. and 2, Plate Xa. Here are given both the species and the sizes best suited 
to the several parts, the design in Fig. 1 being with corbels and that in Fig. 2 without them. 
In these designs the following factors of safety were used : 


Stringers in cross-breakingy. 2s csere ees eons eva ele sey me = 
Stringers in deflection, =4,, spat.....<.s-s. et senee e 
Stringers in end-bearings; “4... .... A ee 
Cap in beating walu@cnk discs a aes snes ete e au ip ete eS ae 
Posts as columns ....... BE eee eo ee Se 


Mr. G. Lindenthall, in commenting on the designs, proposes* the designs shown in 
Figs. 3 and 4, Pl. Xa, these being slight modifications of Mr. Johnson’s designs. Here all 
mortises are omitted, wooden dowel-pins and splice-planks being used in their place. Mr. 
Lindenthall strongly recommends, also, the covering over of the stringers with galvanized 
sheet-iron to protect them from the weather and from the lodgment of live cinders, which 
causes the destruction of so many wooden trestles by fire. Mr. Bouscaren has tried planking 
over the structure and covering it with gravel, with good results. . 

The following table of working unit stresses is based on factors of safety of 10 in tension, 
5 in longitudinal compression, 4 in lateral compression, 6 in cross-breaking, 2 in modulus of 
elasticity, and 4 in shearing, and on the most reliable information obtainable to date: 


AVERAGE SAFE ALLOWABLE UNIT STRESSES IN POUNDS PER SQUARE INCH RECOMMENDED 
BY THE COMMITTEE ON “STRENGTH OF BRIDGE AND TRESTLE TIMBERS,” AMERICAN 
ASSOCIATION OF RAILWAY SUPERINTENDENTS OF BRIDGES AND BUILDINGS, FIFTH 
ANNUAL CONVENTION, NEW ORLEANS, OCTOBER, 1895. 


Tension. Compression. Transverse Rupture, Shearing. 
With Grain. 
Kind of Timber. 7 
ashes! © With Across Columns| Across Petes peau With Across 
Grain. Grain. End under Grain. eer El a it Grain, Grain, 
Bearing. | 15 Diam- sos eee 
eters, 
Bactor iof Safety .)nsereiaie leis eee 10 10 5 5 4 1.6 2 4 4 
White Oa Kisenaie stoves cet wietoas sei oes 1,000 200 1,400 goo 500 1,000 | 550,000 200 1,000 
WARE Oat momen sou dean Sane 700 50 I, 100 700 200 700. | 500,000 100 500 
Southern, long-leaf, or Georgia yel- 
low PINE... eee eee eee eee eee 1,200 60 1,600 I,000 350 1,200 | 850,000 150 1,250 
Douglas, Oregon, and Washington 
fir or pine: 
MECUCN Gal eg Ces AS RENE SESE Tr, 200m Sea I,600 1,200 300 1,100 | 700,000 TROD ‘lt pees 
ING GGL ries crarotiacs onsen eine aes sO. Sad Dict cite Isicermavcn mea Oe Claage nao 5 SOO Batre werors Ulisse creme eee a 
Northern or short-leaf yellow pine. goo 50 1,200 800 250 1,000 | 600,000 100 1,000 
REI PING. i: 5265 + see sae sie ovine sia = goo 50 1,200 800 200 SOOT |1GCO; 000) ate coer eee 
Norway DING Ws viects ewnte ees SOO7N |e eee I,200 800 200 7OO7 B\iGCOOSOOO)| so cies eee 
Canadian (Ottawa) white pine..... T OOOF GI Mate qiereteiell terse iste HATO lle otodoe.bra 0.0m 6e6 o-dlleceo «Ho. 100 
Canadian (Ontario) red pine...... TL OCOO} ai|!sxarescee cual sterorororee T,OOO. |S angie ces 800 | 700,000 100 ‘ 
Spruce andetasternifireaceae een 800 50 I,200 800 200 700 |} 600,000 100 750 
Bl emlocken car. crete sto cette OOON S| Kyetines alate a ocke rere 800 I50 600 | 450,000 I0O 600 
(CYPRESS utes warns oe eiwatercre ne astoos OOO il tawcescus a I, 200 800 200 Siey WN ACovone |) 6 caacllanon sc ‘ 
(COBEN ia cc 00 OS REPOS GOD GO RNA SOO WM Rrevteseret 1,200 800 200 8004 |Rs5o*o00llee eet 400 
Chestnut SL CtsneMs: shale ellos cre treteitkecn ore QOO Di ivereta sre erell tess ores I,000 250 800 | 500,000 150 400 
Californiamredwood..ches cece ee 7 OO\M Hekelsne eierete akorerererrete 800 200 750 | 350,000 I0O 
VEST ose nono numnOmomon oa oucsomaseocon | x80) IIngonocacll Som IlGomoanl..... |. 
Californias pruceis.tstlcw a osie lee eee eee Ce | ee SOO: ||ivexe cetera SOOM 600; 000;||Reenatee eens cee 


* See Bulletin No. 12, Forestry Division U.S. A gricultural Department, 1896. 
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396. Bent and Post Splices.—When the trestle is higher than about forty or fifty feet 
it becomes necessary to splice the posts. There are several ways of doing this. Entirely 
separate bents can be constructed in sections or stories, and set one on top of another, as 
shown in Plate X, with an air space between the sills, except under the posts, where seasoned 
oak bearing-planks are carefully framed in. 

Or the posts may abut end to end, with side notches cut at the joints for cross-girts, as 
shown in Plate VII. 

Or cast-iron bearing caps can be employed as shown in Plate IX, these resting on one 
common sill, or cross-girt, at each splicing section. All these are good joints when well 
executed, but the last named is probably the most lasting, and the one which settles or 
crushes down the least. 

397. Working Stresses.—The safe working stress per square inch for different timbers 
for different kinds of resistance is given pretty fully in Chapter XXIII, on Howe Trusses. 
As there shown, it is important to load timber in compression longitudinally only. So in a 
timber trestle it would be best to avoid crushing the timber across the grain at all if possible. 
or at any rate introduce as small an amount of timber under this kind of stress as possible, 
Thus in the Norfolk & Western Railroad plans in Plate VII, the posts are given end bearings 

continuously from top to bottom, being simply notched at the joints. On the other hand, 
Plate VIII shows 24 inches of timber under a lateral crushing load each 25 feet in height. 


II. IRON TRESTLES. 


398. General Design.—Iron railway trestles for single track usually consist of a series 
of plate-girder spans supported on iron columns, as shown in Fig. 407. The columns are 
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braced together transversely in pairs to form bents, as shown in the cross-section, Fig. 407. 
The bents are then braced together in pairs to form towers. The towers are designed so as 
to have sufficient stability, both longitudinally and transversely, to withstand any force which 
may tend to overturn them. The only force that would tend to overturn them in a trans- 
verse direction on a straight track is the pressure of the wind on the structure and on the 
train. The friction of the wheels on the rails caused by suddenly applying the brakes toa 
moving train is the force which tends to overturn the towers in a longitudinal direction or 
parallel to the track. If the structure is.on a curve it must be made stable against a lateral 
force, in addition to the wind force, equal to the centrifugal force of the train load. Transverse 
stability is secured by giving to the posts of the bent a batir, in order to secure a base of suffi- 
cient width to prevent overturning. Longitudinal stability is obtained by making the span 
which connects the bents that are braced together to form the tower of sufficient length. The 
plane of each bent should always be vertical. The tower span is now generally made 30 feet 
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long, and the spans between the towers are varied with the height of the towers; the higher 
the trestle the longer the intermediate or variable span may be made with economy. The 
approximate length for the intermediate span for maximum economy for the height of the 
trestle under consideration is usually determined upon first by a rough calculation, or by 
means of an established formula, if the subject has been previously investigated. The 
arrangement of spans and towers is then made. It is preferable and cheaper to make the 
intermediate spans of the same length instead of varying them slightly for variations in the 
height of the trestle, as it makes the work simpler and gains a great advantage in manufacture 
by having a greater number of duplicate parts. It is, however, advisable in long viaducts, 
where much saving in material can be secured, to vary the intermediate span length for a 
change in height, if a number of duplicate spans of each length can be used. 

The lengths of the end spans of a viaduct are sometimes dependent upon the kind of 
abutments that are built at the ends. If T abutments are used and the earth filled in 
around it, the first bent from the abutments must be placed so that the fill does not cover 
its base. If wing walls are used to confine the embankment, the length of the end span may 
be anything. 

The outlines of the bracing are usually determined upon by its appearance when 
shown on a scale-drawing; the main object is to avoid having the diagonal rods make too 
acute an angle with the vertical. The foot of each post in a tower should be braced by struts, 
both longitudinally and transversely, in order that the tower may expand and contract as a 
whole. If the posts are not so braced, the friction between the base-plate of the column and 
the bed-plate will produce a transverse stress and bending in the column. From this condi- 
tion it can be readily seen that the struts must be made stiff enough to overcome the friction. 
Another benefit derived from the use of these struts is that the transverse force is then resisted 
by both the masonry pedestals under a bent to the greatest advantage. If the struts were 
omitted the windward pedestal would have to resist more than half of the force, while at the 
same time its vertical load would be diminished, and it would therefore be less stable than the 
leeward pedestal, which would have less than half the force to resist and would have its ver- 
tical {oad increased. 
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In some cases of low trestles it is sufficient to omit longitudinal diagonal bracing and 
substitute knee braces or brackets between the longitudinal girders and the columns. The longi- 
tudinal stiffness of such a structure is measured by the resistance of the columns to flexure in a 
longitudinal direction. A height of from 15 to 20 feet should be the limit for such designs. 

Rocker bents, or those hinged at both top and bottom, may often be used when it is im- 
practicable to use a full-braced tower. They serve to shorten the length of the spans and 


brace the structure transversely, and on this account are sometimes employed for economical] 
reasons. 
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For double-track trestles the same general arrangement of spans and towers is adhered 
to, but the cross-section is varied, as shown in Fig. 408. Each bent is composed of two, three, 
or four columns braced together. In designs (a) and (0), Fig. 408, the girders are supported 
on a cross-girder at the top of the bent. In (c) and (d) the girders rest directly on the caps 
of the columns, The plan (@) is a favorite way of constructing a double-track trestle from 
an old single-track structure, or it would be used where it was desirable to so construct a 
single-track trestle that it may readily be changed to double track. In the latter case only 
the two inner girders, columns, and bracing would be built to accommodate a single track, and 
the outer girders and columns added when provision is to be made for two tracks. 

A very important difference in the stresses in the bracing for single and double track 
bents is that in the latter the bracing, if the columns are battered, is stressed by the live load, 
and should, in order to be consistent with the rest of the design, be proportioned for lower unit 
stresses. 

399. Lateral Stability and the Batter of the Columns.—lIt is now generally specified 
that the bents must not require anchorages in order to secure them against overturning. This 
avoids the necessity of building large masonry pedestals for the columns, which would be 
required if an anchorage were needed, and further does away with long anchor bolts and the 
accurate measurements required to locate them while building the pedestals. In order to 
comply with the condition that no anchorage must be required, and also to provide for the 
excessive wind pressures given in some of the standard specifications, there is no doubt that in 
many cases an excess of material is used, and that the total cost is above that which is actually 
necessary. All that is actually necessary is that the structure be made stable for the highest 
wind pressure, which is generally assumed to be 50 lbs. per square foot. The question of 
anchorage should be made one to be settled by a comparison of the total cost, including 
pedestals, with and without anchorage. 

The batter of the columns varies from 14 to 3 inches to the foot. If it is desirable or 
required that no anchorage be provided, it is necessary that the wind and centrifugal forces 
combined with the vertical load produce no resultant tension at the foot of the windward 
column, or at the foot of the inner column if on a curve. The wind surface of a train is 
assumed to be 10 feet high, and the centre of pressure 7$ feet above the rails. The line of 
action for the centrifugal force of a train is taken as 5 feet above the rails. The amount of 
the centrifugal force depends on the weight of the train, the degree of the curve, and the 
velocity with which the train is moving. For a speed of thirty miles per hour the centrifugal 
force is approximately one per cent of the weight of the train for each degree of curvature. 
For speeds of forty, fifty, and sixty miles per hour it is approximately two per cent, three per 
cent, and four per cent respectively of the weight of the train for each degree of curvature. 
Thus for a train weighing 4000 lbs. per linear foot of track moving at a rate of forty miles per 
hour on a six-degree curve the centrifugal force would be 4000 X .02 X 6 = 480 Ibs. per linear 
foot of track. 

The exposed wind surface of the structure is taken as the surface of the girders and floor, 
and twice the surface of the bent or tower, as seen in longitudinal elevation. 

By taking moments about the foot of the leeward column the moment of the vertical 
loads must be equal to or greater than that of the wind forces if no tension is allowed at the 
foot of the windward column. By making the base of the bent wider, z¢., by increasing the 
batter of the columns, this can always be accomplished. By dividing the moment of the wind 
force by one half of the total vertical load on the bent the distance which the columns must 
be spread apart at the base is found at once. The lightest train that will not blow over for 
the assumed wind pressure is taken for the live load on the trestle when computing the width 
of base. For a 30-peound wind pressure acting on a train surface 10 feet high, beginning 23 
feet above the rails, the lightest train load is 300 X 74 + 2$ = 900 lbs. per linear foot of track, 
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This assumption reduces the vertical load on the column to the minimum amount, and hence © 
requires a wider base for stability. The columns are given the same batter in all the bents of 
one structure, as it iniproves the appearance to have all the columns on one side in the same 
plane, and it also simplifies the manufacture to have all bevels alike. 

It is often advantageous, when a viaduct is on a curve, to give the outer columns of the 
bents more batter than the inner columns. This increases the stability of the bent as against 
the combination of the wind and centrifugal forces for the same width at the base. The 
bracing of the bents for this case is stressed by the vertical load because of the different 
inclinations of the columns. 

The width centre to centre of the girders or the columns at the top is variable, and is 
independently determined for the trestle under consideration. The closer the girders are 
spaced the smaller will be the size of the necessary cross-ties and the resulting weight of 
the floor, and the bracing between the columns will be shorter and will be subjected to a 
smaller stress, requiring smaller members, all of which reduce the cost of the structure. On 
the other hand, the supported floor will be very narrow and the danger from a derailed train 
increased. In case the girders are spaced close centre to centre, it is imperative that ample 
and efficient rerailing and safety appliances be used; it is, however, advisable to use them on 
all trestles. Another view to take of this question is that generally taken by the passenger 
departments of railroads; namely, that the travelling public always feel much safer when they 
can see what is supporting the train from the car windows. This fancied security may be 
obtained by making the floor wider, and is appreciated by the public. A good mean is to 
space the girders 8 or g feet centres, as this does not require unusually large cross-ties and 
gives a safe floor. 

When an old wooden trestle is to be replaced by an iron structure, and traffic over the 
trestle is to be maintained, it is always economical to so design the iron-work that it may be 
erected without disturbing the old bents. This is done by spacing the girders far enough 
apart to clear the legs of the old bents and locating the columns so that they will not be op- 
posite them. The iron when erected will then envelop the old work, and after changing the 
cross-ties the latter can be taken down. 

400. Length of the Tower Span and Longitudinal Stability——It is the common 
practice to make the tower span of a viaduct 30 feet long. While this length is generally 
used, it is not always true that such towers do not require anchorage against overturning lon- 
gitudinally. If it is assumed, as is usually specified, that the friction on the rails produced by 
suddenly applying the brakes to a moving train is one fifth of the vertical load, and further 
that this force is resisted by aH the towers of the structure acting together, the limiting height 
of tower is about three and one half times its width longitudinally if no anchorage is allowable. 
The assumption that all the towers act together to prevent overturning is a fair one, as any 
longitudinal deflection of the towers would result in closing up expansion joints and thus 
distribute the force. The coefficient of friction used is probably very excessive. In order 
that a series of high towers may act together to resist overturning with absolute certainty, no 
expansion joint need be provided if the deflections of the towers from temperature produce 
no prohibitea stresses. 

401. Economic Length of the Intermediate or Variable Span.—No general formula 
for the Sength of the variable span of a viaduct can be given which will, with the many different 
practices prevalent among designing engineers, give reliable results. The length of this span 
for maximum economy depends upon the laws which govern the variation of the iron weights 
required in the spans and in the towers or bents, and also on the cost of the masonry pedestals. 
If the live load and the specifications as to allowed stresses and details of construction are 
fixed, and also if the designs are made consistent with maximum economy for the various span 
lengths and heights of bents, it may be possible to derive an empirical formula which will 
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give results reliable enough to serve as a guide in determining the economical length of this 
span. Such a formula will be given, and its origin and limitations explained, for the purpose 
of enabling those who have need of it to derive one that will suit their purposes. 

A series of trestles varying in height from 25 to 150 feet were completely designed for a 
constant tower span of %0 feet, with intermediate spans of 30, 40, 50, 60, and 70 feet, all plate 
girders. The weights for each combination of height of trestle and length of intermediate 
span were calculated and the results tabulated. 

A live load of 104-ton engines (Cooper’s Class Extra Heavy A) was used in determining 
the stresses in the girders and bents. The track was straight. The wind pressure was 
assumed to be 30 lbs. per square foot on a train surface 10 feet high, on one surface of the 
floor and girders as seen in elevation, and on twice the surface of the bent as seen in elevation. 
The centre of pressure on the train surface was 74 feet above the rails. The track (rails, 
cross-ties, etc.) was assumed to weigh 400 lbs. per linear foot of track. The permissible unit 
stresses were 8000 lbs. per square inch on the net area of the tension flanges of girders, 8000 Ibs. 
per square inch reduced for length by Rankine’s formula for dead and live load stresses in the 
columns of the bents, 12,000 lbs. per square inch reduced for length by Rankine’s formula for 
lateral struts and for dead, live, and wind stresses in the columns of the bents, and 15,000 lbs. 
per square inch in tension on all bracing rods for the towers. The top flange of all girders 
was made of the same sectional area as the bottom flange, and the moment of resistance of 
the web was neglected. The longitudinal bracing of the towers was proportioned to resist the 
stresses resulting from a longitudinal force of 800 lbs. per linear foot, but the columns were 
not increased in area on account of this force. It is usually assumed that the sudden braking 
of a train on a trestle is of rare occurrence, and the chances of it being done for the maximum 
train load and during a heavy wind are very remote. The thickness of the metal used was 
limited to three eighths of an inch as a minimum everywhere except for bracing, where five 
sixteenths of an inch metal was allowed. 

The plate-girder spans were found to vary in weight according to the formula 


Ap LO) ATO, Pcs suet ee Ap gr ao” (¢* tek cegee aemmCn) 
and the weight of the towers was very closely approximated by the formula 


hd ) 

eee eae ty oe 
where w = weight per foot of the spans, 7 = length of span, w,= weight of the towers per 
foot of track, and # = height of the towers from the rail to the masonry. With these results 
as a basis the total weight per foot of the trestle, W, is 


eee hl, 
W = —— +91, — 430+ 1034—-—3~. - - ©» « « (3) 


Z, 25 
where /, = length of the intermediate span plus 30 feet, or the distance between centres of 
towers. 
Assuming that the four pedestals * under a tower cost as much as five thousand pounds 
of iron, the equivalent iron weight per foot of trestle which would represent the cost of the 
pedestals is 5000 + 4. Hence the total equivalent weight of iron per linear foot of trestle, in- 


cluding pedestals is 


16,200 see, 


eee eon 430 + 10.34 — at 


(4) 


* The pedestals are assumed to cost the same for each pedestal, regardless of the length of span, which is generally 
true. ; 
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from which Wis a minimum when 


vy / 21,200 
h 
25 
or 

W is a minimum for an intermediate span of 30 feet whenk= 77.5 
Wie Y me ae 5S os “ 4O ie it a 117.0 
W «“ 6 66 66 6“ 6% “6 66 50 66 73 h — 142.0 
W 66 bE 66 6“ 66 “ss 66 6 60 66 66 h — 159.0 
W «“ 6“ 66 6c 66 “6 66 66 70 73 a hh — 172.0 


One very important factor has been omitted in the above investigation, and that is that 
the cost of manufacture per pound of the iron-work in the girder spans and the bents differs, 
and as the spans are the cheaper this would tend to make the economical span longer for a 
given height than that found by the formula. 


i“ 
It will be noticed that the expression for the weight of the towers, 10.3 — wee gives a 


constant weight per square foot of the area included between the rail and the tops of the 
masonry pedestals for a constant length of span, 4. -Thus for 7, = 60 the weight per square 
foot of the above area is 7.9 lbs., and this decreases one twenty-fifth of a pound for each foot 
of increase in the length of 7. This gives an easily remembered expression for the weight of 
the towers ‘and is one very widely used. Rapid approximate estimates of the amount of iron 
required in the construction of trestles may be made this way. 

402. Comparison of the Cost of Embankment and of Iron Trestle.—It is often 
desirable to know at what height it becomes cheaper to use an iron trestle in preference to an 
embankment. The length of the intermediate span for this case is manifestly the shortest 
allowable, or 30 feet, as has become the established practice. The weight per foot of the girders 
or spans would then be the weight per foot of 30-foot spans, and the weight per square foot of 
the area of the profile is that for a length of span, /,, equal to 60 feet. If we know the constants 
to use to get the above weights and the cost per pound of iron-work erected in place, the cost 
of the iron-work per linear foot is readily obtained. The quantity of the fill and the cost per 
yard are easily obtained. Having the cost of iron and of fill for various heights, the height 
at which iron is the cheaper is readily found. This may be reduced to a formula when the 
constants are determined. Thus for girders and towers, as in eq. (3), the weight of the 
trestle would be 380 + 7.9% per linear foot. The number of cubic yards per linear foot in a 


i 
fill would be (6+ shy The cost of these two would be equal when 


H380-+ 7.98 +83) = (64M 22... &) 


where # = cost in cents of the iron per pound erected, 4 = height of the trestle or fill in feet 
= width of the fill on top in feet, s = slope of the sides of the fill, and g, = costs in cents per 
cubic yard of the fill in place. In the above equation 83 is the number of pounds per linear 


foot of trestle which is equivalent to the masonry pedestals. li p= Pr = 25, 6 "A eand 
s = $, we obtain 


1852 + 31.64 = (14 a. coe. = 12,964 + 1.39h’, or hk = 43.8 approximately.* 


* The cost of the abutments is not included in the above formula, but an absolutely correct expression would take 
them into account. It would be extremely difficult to introduce this factor, as their cost per foot of trestle, neglecting 
the question of the kind of abutment used (i.e., T, U, or Wing abutments), depends on the length and height of the 
trestle, both being variable quantities. If it werea question of a fill throughout, or part fill and part trestle, such a 


formula as the one given would not be reliable enough for practical use. But if the query were when to stop the fill 
and begin the trestle, the error would be slight. 


‘ 
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403. Design of the Columns.—The factors which should govern in the selection of the 

form to use for a trestle column are the adaptability of the section for the correct attachment 
of the bracing, and its stiffness and value as a strut. The four-Z-iron posts fulfil the first 
condition admirably, but owing to the small sizes of Z iron rolled it requires more material in 
the effective section than is required for the two-channel or two-channel and cover-plate form. 
However, as the Z column requires no latticing and has but two rows of rivets, it is often the 
cheaper section, and if so is a very desirable one to use. 
While it is not usually done, it is no doubt advisable to make the attachments of the 
bracing struts to the columns very rigid in order to add to the stiffness of the column. For 
high trestles it would be advisable to reduce the allowed stress per square inch on the columns 
in order to reduce the amount which they will shorten under load and thus reduce the deflec- 
tion of the top of the trestle. 

404. Lateral and Longitudinal Bracing.—The bracing for the towers is usually laid 
out on a scale drawing so as to appear to the best advantage as bracing for the columns. The 
heights of the stories for the longitudinal bracing is commonly made as nearly equal to the 
length of the tower span as practicable, and in order to brace the column in both directions 
at the point of attachment of the longitudinal bracing the stories of the lateral or transverse 
bracing are made the same height. The attachments of all bracing should be so made that 
the neutral axes of the members intersect on the neutral axis of the column. Trestle columns 
are comparatively long struts and should be as free from eccentric stress as it is possible to 
design them. ; 

The tension members of the bracing are usually adjustable rods, but of late years angle 
iron with riveted connections has been extensively used. The latter are stiffer but are more 
expensive, and it is extremely doubtful if it is possible to secure accurate adjustment and well- 
fitting riveted attachments when they are used. 

The bottom flanges of the girders of the tower span are generally utilized as the top 
longitudinal strut. 

405. Stresses in the Towers.—The external forces which may act on a trestle tower 
are the wind pressure on the exposed surface of the structure and the train, the centrifugal 
force of the train if the trestle is on a curve, the friction of the wheels on the rail, the 
weight of the structure and the train, and the reactions of the pedestals. The wind, the 
centrifugal force, and the vertical load if not applied centrally, or if the bent is not symmetrical, 
stress the transverse bracing. The friction of the wheels alone puts a stress on the longi- 
tudinal bracing. The bottom struts of both the longitudinal and-transverse bracing must be 
made strong enough to resist a stress equal to the friction of the column base on the bed- 
plate in order to provide for the effects of temperature. The amount of this friction may be 
assumed for safety as twenty-five per cent of the dead load on the bed-plate. 

The stresses in the towers may be found by the methods given in Part I. The stresses 
for all the external forces should be computed, as it is a very common mistake to overlook the 
effect of the vertical load on the bracing. 


The stresses in the towers are usually found analytically as follows: Referring to Fig. 409, which is the 
general case of a single track bent with columns of different batters, the stresses for the loading shown 
would be: 


Maximum stress in 4B =4 Wa+ k) + Wd + 2) + Wele + k) + Wij + (c+ 2); 
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FIG. 409. 


The maximum stresses given above for BD, DF, AC, and CE are the maximum compressive stresses 
only. The two expressions for 4D and CF mean that these members may possibly receive their maximum 
stresses when the train is not on the trestle. This would be the case if W,'x were greater than W’a,, as 
these two expressions include all the forces due to the train. 
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In the above expressions W, is that part of the weight of the train, track, and girders* which is 
supported by the bent, and the force is assumed to act vertically through the centre of the track if 
the rails are of the same elevation, or as many inches from the centre of the track towards the low 
rail as the outer rail on a curve is elevated above the inner rail, if the rails have different elevations. 
W, and W,’ are the combined effects of the wind pressure on the train and the centrifugal force. 
The wind pressure on a train is usually taken as 300 Ibs. per linear foot of track, acting 74 feet above 
the rails. The centrifugal force is assumed to act 5 feet above the rails. Was and W,' represent the 
wind pressure on the girders and floor, generally taken as 30 lbs. per square foot if the train is on the struc- 
ture, and 50 lbs. per square foot if the structure is not loaded. Ws, W;', and W,! represent the wind 
pressure on the tower concentrated at the joints. This pressure on the bents is generally assumed as 225 
Ibs. per foot of height of bent for the loaded structure, and 375 lbs. for the structure not loaded. Thus W; 


a ad 
and W,' would be taken as 225.5 and 375.—, for the loaded and unloaded structure respectively, and 


at dte 
2 e 
Bents with the columns inclined differently, such as the one illustrated, are seldom used except for 
trestles on a curve, and the example is given mainly to show the effect of the load W, on the bracing. For 
double track bents with inclined columns a train on one track only will always stress the bracing. 


W,, W.' would be 225. “and BYR 


similarly. 


The bracing is proportioned to resist the stresses due to all of the above external forces 
except that of the vertical train load at the limiting allowed unit stresses used for wind 
bracing generally. For stresses resulting from the vertical train load the limiting stresses are 
those used in the counter-ties and posts of trusses. For the stresses in the columns from 
wind, centrifugal force, and the friction of the wheels on the rails, the practice varies. Some 
specifications require that the area of the column be increased for these stresses beyond that 
required by the vertical load by an amount in square inches equal to the stress divided by the 
value of the column per square inch as a lateral or wind strut. Other specifications require 
no increase in section until the stresses from the above forces increase the stress per square 
inch fifty per cent above that allowed for the vertical load on the column and then add 
section until the total stress per square inch from dead load, live load, wind and centrifugal 
force does not exceed that amount. It is generally assumed that the wind force and that of 
the friction of the wheels on the rails are not coexistent forces. The rational way to propor- 
tion the columns would seem to be to use low permissible stresses for the working or duty 
stresses, which are those due to the dead and live loads, including centrifugal force, and to 
increase the permissible stresses as much as is consistent with safety for wind stresses in com- 
bination with the dead and live load stresses. In the case of a trestle near a switch ora 
station where trains are continually using air-brakes, it would be advisable to include friction 
stresses among the duty stresses. 

406. The Masonry Pedestals supporting a tower are usually made as small as it is 
possible to make them and not exceed the permissible pressure on the foundation. They 
should be made as low as possible, a good rule being to have them extend one foot above the 
surface of the ground, in order to make them stable against the lateral pressure of the 
wind. In all cases their stability should be investigated and ample provision made for the 
extreme Case. 

407. Details of the Towers.—Figs. 410, 411, and 412 show the ordinary details for a 
tower with Z-columns. The struts are all riveted to the columns, and the rods have pin con- 
nections. The intersections are as near the neutral axis of the column as it is practicable to 
make them. If the rods are very large, orif they are stressed by the live load, it is impera- 
tive that the intersections of the neutral axis of the struts and rods at a joint be on the 
neutral axis of the column; but for the usual case of small rods a slight eccentricity is usually 


* An absolutely correct expression would separate Wy into two parts, that due to the train load and that of the 
track and girders. It is not done here, as it would complicate the illustration, and as it is only necessary in the unusual 
case of a bent having columns of different batters, 
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permitted. If posts composed of two channels are used, the transverse bracing may be con- 
nected by pins through the neutral axis of the column. The details shown will serve to show 
one method of connecting the bracing, but any other which accomplishes the same results 
would be satisfactory. 

The Caps of the Columns.—At this point provision must be made for supporting the 
girders and for attaching the transverse and longitudinal bracing. The girder rests on a 
cap plate riveted to the top of the column by means of auxiliary angles as shown. The top of 
the column is planed to an even surface, on which the cap plate bears and transfers the load 
of the girder directly through the bearing. The attachment of the transverse bracing is 
usually simple, the strut and the column resisting the two components of the stress in the rod. 
In the case shown, Fig. 410, a bracket is riveted to the column, to which is riveted the strut, 


FIG. 410. 


and the rods are connected to it with a pin. The attachment of the top transverse strut must 
be made sufficient to take the horizontal component of the stress in the column. This com- 
ponent is best transferred to the strut by rivets through the cap plate extended as in the 
sketch. The top strut is usually short, and can be made cheaply of two angles. 

Intermediate Connections to the Column.—At the intermediate joints the attachments of 
the bracing are very simple, as the only requirement is that the rivets through the column and 
through the struts be sufficient to transfer the respective components of the stresses. If the 
rods are small, a slight eccentricity in these attachments is allowable. 

A splice in the column should be made a short distance above the joint by planing the 
ends of the two sections for an even bearing and riveting splice plates on all four sides to 
hold the sections in line, but relying on the butt-joint for the transfer of the stress, 

408. Column Bases.—At the foot of the column the bracing is attached as before, but 
here provision must be made for the distribution of the pressure over the masonry, so as not 
to exceed the permissible bearing pressure. The column is planed to an even surface and 
transfers the load directly to the sole-plate, which is stiffened by gusset plates and angles 
riveted to it and to the column. The sole-plate at an expansion point should rest on a bed 
plate, in order that the friction or resistance to the movement of the column at this point may 
be as little as possible. The bed-plate must be made large enough and sufficiently stiff to 
distribute the pressure without exceeding the limiting bearing pressure per square inch. 

The holes for the anchor bolts should be made circular in the bed-plate and oblong or 
slotted in the sole-plate, to allow the latter to slide on the former. 
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III. ELEVATED RAILROADS. 


409. Characteristic Features.—An elevated railroad differs from a trestle in being 
lower, and in the fact that it usually occupies the streets of a city. The height is the least 
allowable for wagon traffic beneath it, and the provision for this traffic usually prohibits the 
use of vertical diagonal bracing, either longitudinal or transverse. It is therefore a railway, of 
two or more tracks, supported upon a series of short iron or steel columns, providing from 
fourteen to sixteen feet clearance, without complete systems of vertical diagonal bracing. 
Such railroads generally have a very heavy traffic also, especially in the number of the trains; 
and this demands a very rigid structure, not liable to be racked to pieces. Because the 
diagonal vertical bracing cannot extend to the foundations, there may be very large bending 
moments produced in the columns, from lateral wind and centrifugal forces, and from the 
rapid slowing up of trains when stopping, which produce great longitudinal thrusts. If 
the columns are free. to turn at either end, as they would be if pin-connected or insecurely 
attached at these points, the bending moment is about twice as great in them as it is when 
they are rigidly held by adequate anchorage and top connections. It is very important, 
therefore, to provide such anchorage and connections as will effectually fix the posts in direc- 
tion at their extremities, this being one of the most important features of this class of structures. 

As to styles of superstructure, it may be said that both the girders and floor-beams are 
now made up with solid webs, or as plate girders. If a lighter structure is desired than can 
be obtained in this way, then a riveted lattice girder may be used; but great care should be 
given to its design and construction, a sufficient number of rivets used in making the joints, 
and all gravity lines made to intersect in a point at every joint if possible. Both legs of all 
web angles, also, should be joined to the chord sections, so that these members can receive 
their loads over their entire cross-sections and not through one leg only, as is so often done. 
As for pin-connected trusses for such structures, they should not even be considered. 

In the following articles on this subject only such matters will be discussed as are peculiar 
to this class of structures, and a few of the best examples illustrated. 

It goes without saying that an all-masonry or embankment support for an elevated rail- 
way (except on street-crossings) is far superior to one of steel girders and columns; but when 
the road occupies the public streets oralleys this is impracticable, and in any case it is more 
expensive. The elevated railway system of Berlin is built in this way, largely for the pur- 
pose of preventing the noise which always accompanies a rapidly moving train upon a 
metallic structure. The tracks of the Pennsylvania Railroad Company in Philadelphia are 
also carried upon a masonry structure. On the Berlin system the tracks on the bridges which 
cross the streets are embedded in gravel, also for the purpose of preventing the noise of 
passing trains. 

The details of an elevated structure should be worked out with great care, with a view to 
permanent stability as well as to economy. The duplication of parts causes small savings in 
design to accumulate to considerable sums in many miles of the structure. 

410. The Live Loads.—Elevated roads built for standard traffic are of course designed 
to carry the same engine and train loads as the bridges of the same line. Roads built for city 
or suburban passenger rapid-transit service are designed for the particular styles of motors and 
cars which are expected to run upon them. It has been common, however, in this class of 
structures to greatly underrate the future requirements, so that within a few years of the 
inauguration of the system the actual loads are far in excess of those for which the structure 
was built. 

The following wheel-load diagram, Fig. 413, which gives the loads on one rail, or one 
half the train loads, was used in designing the Chicago and South Side Elevated in 1890, 
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This provides for forty-four-ton engines and thirty-two-ton cars, which are both considerably 
greater than are actually used. 
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It has been customary to provide for thirty-ton * engines and twenty-eight-ton cars, hav- - 
ing a wheel base as shown in Fig. 414, where the loads on one rail are again shown. 
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The computations of stresses, and the dimensioning of all the parts, have been fully 
explained elsewhere in this work. 

411. The Lateral and Longitudinal Stability and stiffness of these structures is 
dependent upon the stiffness of the columns. Three different methods have been used, in 
which the object sought was to secure the greatest stiffness with the least cost. The old 
method was to anchor the columns firmly to adequate foundations, and connect the cross and 
longitudinal girders to them loosely at the top. In this plan the column was assumed to be 
anchored at the bottom and ‘free-ended” at the top. The bending moment which the 
column was proportioned to resist was equal to the horizontal force at the top multiplied by 
the height of the column. Another method is the exact reverse of the above, as in this case 
the connection of the cross and longitudinal girders with the column is made rigid, and the 
connection with the foundation is made only sufficient to resist lateral displacement. The 
columns in this case are assumed to be fixed or anchored at the top and “ free-ended” at the 
bottom. The bending moment for which the column is to be proportioned is the same as in 
the former method. The latest method is a combination of these two, as in this plan the 
columns are anchored rigidly to adequate foundations at the bottom, and to the cross and 
longitudinal girders at the top. Changes of temperature produce a small stress in the structure 
when this plan is used. It is probably insignificant, but should always be computed. The 
columns are therefore assumed to be fixed in direction at both ends, and the bending moment 
which they are proportioned to resist is about one half of the product of the horizontal force 
into the height of the column. The first and third methods require expensive and reliable 
foundations, while the second method requires the least amount of foundation possible in any 
case. The first and second plans require about the same amount of iron in their construction, 
and more than is required by the third plan. 

If the design of the structure is such that each track is supported bya single line of 
columns that have no connection with the columns under the other track, it is absolutely 
necessary to “fix” or anchor the columns to the foundations, as this is the only means of 
securing lateral stability. 

Double-track structures have been supported on a single line of columns, and in such 
cases the anchorages must be able to resist the bending moment due to the eccentric loading 


of the tracks in addition to that of the lateral forces. 


* Thirty-five-ton engines have been used on some of the elevated passenger roads in New York City. 
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The wind pressure on elevated railway structures is taken at 30 lbs. per square foot of 
exposed surface, and the protection afforded by adjacent buildings is usually neglected. The 
longitudinal force is assumed to be that due to the sudden application of air-brakes to a 
moving train, checking the wheels and causing them to slide on the rails. The coefficient of 
friction is taken as 4. 

Expansion Joints are provided in elevated railway structures at intervals of about 200 
feet. For riveted trusses the longitudinal girders slide on the top flange of the cross-girder, as 
shown in Fig. 420. The usual expansion joint for plate-girder construction is shown in Plate 
XI. The longitudinal girder rests freely on a shelf or bracket built out from the cross-girder. 
It is customary to have the longitudinal girders on one side of the cross-girder rigidly connected 
to the cross-girder at an expansion joint. 

When the expansion joint is a suspended one, as when the girder and cross-beam have 
about the same depth, the construction shown in Figs. 415 and 416 may be followed.* 
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Section A-B. 
Fic. 416, 


The merit of this joint lies in the cast-iron filler piece having a curved bottom which fits 
the curve given to the pocket-plate. By the aid of this cast-iron support the upward pull on 
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the sides of the pocket-plate is transmitted uniformly over the bearing area of the longitu- 
dinal girder. 

The casting is bolted to the pocket-plate, and the girder slides upon it. 

Foundation Joints ——An accurate and even bearing of the columns upon the cap-stones of 
the foundations is of the utmost consequence. It is impossible to make these parts fit exactly 
after the structure is riveted up, however much care may have been taken in the shop and 
foundation work. If the bearing is not even, the weight of the structure with its load will 
come upon one side of the column section, thus giving to it an excessive bending moment 
which it was not designed to carry, and greatly overstressing a portion of the cross-section. 

To insure an even bearing it is absolutely necessary to wedge up the post, after riveting 
up, until it bears evenly on all sides, and until it is raised about three eighths of an inch from 
the stone. Then fill this space with Portland cement or iron-rust cement, made of iron filings 
_ or trimmings mixed with sal-ammoniac. °This should be rammed to place with a thin steel or 
hard wooden blade, and allowed to harden before the wedges are removed, and the anchor-bolt 
nuts screwed down hard. If the posts are socketed in cast-iron pedestals and sealed in place by 
long iron-rust joints, as described in Art. 413, the ideal conditions are probably realized. 

412. General Case of Horizontal Forces Acting on an Elevated Railway with Columns fixed at the 
Ground.—In Fig. 417 let the horizontal force P act upon the Sr 
train and x ea so that its centre of pressure ie at the I | : 
height % from 4 and 4’ from 4’, the supports being on ground | 
not level transversely. Let the lateral system CDD’C’ be sup- R--* 
posed to be rigid as compared to deflections of the columns, so 


that the conditions assumed in Art. 151, Chap. X, are fulfilled. 
Then we have, from eq. (20), Art. 151, 
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To find the relative values of Hand 7’, the sum being equal 
to P, we may resort to the use of Proposition III, Art. 200, Chap. 
XV, according to which the load P divides itself between the 
columns in direct proportion to their relative rigidities; or in- 
versely as their deflections at the points Y and D’, for the same a 
horizontal forces, or shears, acting between A and JD inthe one 
case and between A’ and J” in the other. Hence we may 
write 
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where 4 and 4’ are unequal horizontal deflections of D and D’ 
_ respectively for the same hordzontal reaction acting throughout jf 
their lengths from 4 and A’ to YD and LD”. : 

For this condition it was shown in Art. 151, eq. (20), that RO av 
the point of inflection is situated at a distance above the base equal to (Fig. 417) 
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Since the column may be supposed to be cut at this point of contraflexure the given horizontal reaction, K, 
may be supposed to act here towards the left on the lower portion (Fig. 417) and towards the right on the 
upper portion of the column, or the moment at any part of the column below D may be expressed by the 
equation 
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To find the deflection of the point D with reference to A, we have from the equation of the elastic line 
i M K 
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* In this equation c = z + ¢ of Fig. 417. 
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Integrating, 


ay 


Since 10-4 — 0; Te =i (0), 
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For « = 2, we have y = J, the deflection at D, or 


From eq. (8) we have. 


and similarly, 


where ¢ = c — z, as shown in Fig. 2082. 
Substituting these values of x and +0’ in eqs. (13) and (14), we obtain 
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But H + H’= P, therefore, 
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If T=T', both of these disappear from the formule, 
If z = 2', or if the supports are on a level, then eq. (20) becomes 
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es If e =o, which corresponds to the case of @ column fixed tn direction at D,as when the columns are 
joined by a plate girder extending from C to D, we have, from eq. (20), 
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To find the point of application of H, or the point of inflection, we have from eqs. (15) and (16: 
For z = 2', or for supports on a level, 
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For ¢ = 0, or for columns fixed in direction at D, as by a plate girder from J) to C, we have 
2 
0 — a . ° ° e ° e ° e e e ° ° ° e ° e e . (25) 


or the point of inflection is midway between 4 and D. 
For e = 2, or for open bracing in the upper half of the bent, we find 
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or the point of inflection is § of the distance AD from A. 
After having found H and #’ and their points of application for any case, the resulting bending 
moments and direct stresses are readily computed by the ordinary methods of Art. 115. 


413. Selected Examples.—In Plate XI are shown the general and detail drawings of 
the elevated portion of the Merchants’ Terminal Railway of St. Louis. It is of the plate- 
girder style of construction throughout, and carries a double track for standard railway traffic. 
It is provided with an expansion joint in every second panel, and the posts are effectually 
anchored to the ground. The bearings on the foundation-stones were made by packing iron 
filings and sal-ammoniac between foot-plate and cap-stone after the structure was riveted up. 
The columns are assumed to be fixed in direction at both top and bottom. Wherever it was 
possible both the lateral 1nd the longitudinal bracing reached to the bases of the columns. 
Where this was not possible an auxiliary lattice longitudinal bracing was used where the 
plate stringer was higher than 14 feet from the pavement, as shown in the plate. 

This structure was built by the Phoenix Bridge Company, under the direction of Robert 
Moore, M. Am. Soc. C. E., as Chief Engineer, and is thought to be one of the best examples 
of standard elevated railway construction. 

The Chicago and South Side Elevated Railway is about eight miles long, and extends 
from the heart of Chicago to Jackson Park. It is built mainly on a purchased right of way 
30 feet wide, alongside an alley. It is designed for passenger traffic only. The general’ 
plans are shown in Figs. 418 and 419. The stringers are plate-girders forming spans of from 
35 to 60 feet. The standard structure has no cross-beam, properly speaking, the girders being 
carried directly by the columns, the tops of which spread sufficiently to do this. In place of 
the cross-beam is a system of diagonal bracing, as shown in Fig. 419.* The columns are 
firmly anchored to a foundation of masonry 7 feet square at the base and reaching to a depth 
of 10 feet. The upper portion of this is a cast-iron cap 24 inches high, provided with sockets 
214 in. deep to receive the channel bars forming the columns. This casting is bolted to the 
masonry by four 14-in. anchor rods, and the channel bars are absolutely joined to the cast-iron 
base by means of an iron-rust cement composed of iron-filings and sal-ammoniac, which was 
tamped into the surrounding spaces after the structure was riveted up. Mr. Robert S. Sloan, 
M. Am. Soc. C. E., was Chief Engineer, and it was erected by the Keystone Bridge Com. 


pany of Pittsburg. 


* For a detailed and illustrated description of this structure, with its passenger stations, see Ang. Mews of Jan. 16, 


1892. 
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The Kings County Elevated Passenger Railway of Brooklyn, New York, is illustrated in 
Fig. 420. This structure was designed in 1885 and built in 1887. The charter required it to 
be of the lattice-girder type, and to be placed over the centre of the street. It was designed 
and built by the Phcenix Bridge Company. The cross-girders are in pairs, resting on Phoenix 
columns, being joined only through the top plate of the column. The structure is cheap 
in first cost, but not as rigid as it should be for heavy traffic. The columns are not very 
rigidly attached at either top or bottom, and as for longitudinal stability, it has very little. 
It is by no means an ideal structure, but a fair example of the earlier forms of rapid-transit 
elevated railways. 

Plate XII contains the general drawings of the four-track steel viaduct of the New York 
Central and Hudson River Railroad erected in Park Ave., New York City, 1893.* It rests on 
three rows of columns, carrying three steel plate girders of about 65 feet average span, 
and of a depth of 7 feet. The columns are bolted to broad cast-iron bases, which in turn 
rest on masonry piers, so that they may be considered as fixed at the ends. At top they are 
braced in all ways by means of curved plate brackets. 

There are neither cross-girders nor cross-ties properly speaking. The structure is braced 
laterally by means of a lattice construction between the main girders on the deck portion and 
by the column brackets and gusset knee-braces on the through portion. The floor is of solid 
box-construction, made up of 8-inch steel plates, the rectangular elements being 17 inches high 
and 15 inches wide. These extend entirely across the whole floor and rest on the three gir- 
ders in the deck portion and are riveted between the girders on the through portion. This 
forms a solid steel floor, on which the rails rest directly as shown in the plate. The floor acts 
as so many eye-beams, or plate cross-girders, having a height of 17 inches, and 8-inch webs 
placed every 15 inches throughout the entire length of the structure. 

This road will carry some five hundred trains a day upon its four tracks, and is supposed to 
embody the latest and best practice in elevated railways for standard traffic. The space between 
the column bases and the cast-iron wheel-guards is filled with Portland-cement mortar. The 
drawings are so complete that is not necessary to describe them further. 

414. Economical Span Lengths and Approximate Cost.—The cost of different kinds 
of construction varies but little, if each kind is designed for maximum economy. The eco- 
nomical span lengths vary. For plate-girder construction a span length of from 40 to 50 feet 
will result in the greatest economy of total cost (including foundations). For riveted trusses 
the span length should be from 50 to 60 feet. The economical and proper depths for riveted 
trusses necessitate raising the level of the track, as the clearance or height from the street 
surface to the under side of the iron-work must remain the same: and this constitutes a very 
important and valid objection to this style of construction. 

The weight of iron in the superstructure of an ordinary well-designed double-track ele- 
vated railroad structure for passenger traffic varies from 2000 to 2500 tons per mile, and the 
cost per mile of such a structure, including superstructure, track, station buildings, and foun- 
dations, varies from $180,000 to $225,000. The cost per mile of a standard double-track 
elevated railway suitable for heavy freight traffic, including foundations, but. not including 
station buildings, will be from $325,000 to $360,000. 


* Described in Engineering News, May 25, 1893. Walter Katté, M. Am. Soc. C.E., Chief Engineer ; Geo. H 
Thomson, M. Am. Soc. C.E., Engineer of Bridges. 
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CHAPTER XXVI. 
THE ASTHETIC DESIGN OF BRIDGES.* 


INTRODUCTION. 


415. Development of Aésthetics.—The character of a people, a nation, or an age is 
manifested in its artistic productions. The forms which are bred into the mind from in- 
fancy determine its peculiar taste for beauty. Out of the multitude of nature’s phenomena 
the human mind strives to conceive the laws governing their relationship. It is possible to 
_ formulate a clear and harmonious conception of the seemingly optional purpose of things, only 
by comprehending the deep necessities of nature’s laws. Originally man had only natural 
products after which to pattern, and the primitive ideas of art were improved through the 
progress of generations until the different races of the earth gave rise to the various archi- 
tectural forms. These forms are peculiar to the surroundings, the necessities, and the degree 
of civilization of a people. 

When we utilize the laws governing gravitation and the strength of material for the use 
and convenience of man, we create artificially that which nature has exemplified. A pleasing 
effect will be produced by accustomed forms, which shows that we are strongly influenced by 
surroundings and governed by our environment. When human creations contradict nature, 
then they cease to comply with our esthetic feeling. In the course of architectural develop- 
ment we depart from the rudimentary ideas. As long as the mind keeps pace with this 
departure it retains the feeling of ewsthetic satisfaction. When the simple form and purpose 
of a structure become so disguised that the mind cannot grasp them, then the effect will be to 
create dissatisfaction, which is contrary to all ideas of beauty. 

Since the civilized world lays a strong claim to good taste, and since bridges are monu- 
mental to the advances of civilization, their design may well be subjected to the laws 
governing esthetics. The theme of this chapter, therefore, will be to consider‘the purpose 
of a bridge from a higher standpoint than that of absolute necessity, and to characterize its 
form with the attribute of beauty. 

416. Hindrances to Artistic Design.—There are two considerations which singly or 
combined would oppose artistic design. One of these is given by local conditions, such as 
legal requirements, inadequate building material, or unsuitable location. These, when unavoid- 
able, will often excuse the engineer if his design is not artistic, but in many cases good 
judgment combined with sound esthetic principles will aid in producing a better result than 
would ordinarily be obtained. The other and perhaps more common reason is found in 
financial considerations. These difficulties will, however, not excuse the majority of gross 
violations of esthetic design which we find everywhere. It might be in place here to attempt 
an explanation of some of the foremost causes of such violations. 

With the aim of obtaining cheap work competition is invited, resulting in favoring the 
lowest bidder. Unless the artistic appearance of a structure is imposed as a necessary feature, 
it is rarely, if ever, considered by contractors. Their sole object is to satisfy only the absolute 
requirements of strength and dimensions. Another cause is the general lack of good taste. 

* Through an oversight, which is sincerely regretted by the authors, no credit was given in the first editions of this 


work to Prof. R. Baumeister for valuable suggestions for this chapter found in his * Handbuch der Ingenieur-Wissen- 
schaften ;”’ also for the cuts in Plates XIV, XV, and XVI, and for designs 1 to 21 and 30 to 32 of Plate XX. 
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It is hoped by bringing this subject before American engineers to realize an advance in the 
esthetic design of bridges. 

Out of the consideration that the general public lays stress on the appearance of its 
bridges in cities, parks, etc., and often appropriates money to supply this want, we realize an 
advance in artistic taste. At the same time the financial consideration is regarded as the 
most important feature in public works; therefore the question of esthetics is barred out on 
general principles. But rightly considered, these two factors are not necessarily contradictory. 
As above stated, there are instances where the engineer is bound by so many unavoidable 
restrictions that a pleasing or satisfying result cannot be attained. But where such limitations 
do not exist and the competent designer is left to his own discretion, the primary form may as 
well be artistic as otherwise. It costs nothing to display good taste. 


‘ 


FUNDAMENTAL PRINCIPLES, 


417. Artistic Analysis.—While the object of structural analysis demands scientific ~ 
perfection of every material consideration, the artistic analysis consists in supplying esthetic 
satisfaction or beauty of appearance. The superiority of artistic over simple natural beauty 
is due to the clearer display of the laws governing taste. We will classify the primary ideas 
underlying esthetic design in the order of their importance: 

418. Symmetry is the fundamental idea of wsthetics. The symmetrical order of a series 
of spans with respect to a centre line gives the impression of clearness of principle. The 
mind finds no cause to question the general disposition (see Pl. XXIII). . Spans of different 
lengths placed without regard to symmetry would call forth criticism (Pl. XXII). When a 
channel span does not fall in the middle of a river, or the foundations compel unfortunate 
location of piers, in each case the cause for unsymmetrical disposition remains hidden. Where 
the form clearly shows its adaptation to the natural profile the laws of symmetry may be 
violated without disturbing the good general effect (Fig. 2, Pl. XXIV). If, however, the 
possibility for symmetrical balance is visible, the result will be unfavorable (see Pl. XXII). 

419. The Style of a Structure should be in conformity with the surrounding landscape. 
A bridge in a wild surrounding of rocks and forests over a swift mountain stream should be 
bold in appearance. The masonry should be coarse, unfinished, only showing clearly the 
traces of artistic order in contradistinction to nature’s wilds (Fig. 2, Pl. XXVII). If the rocky 
cliffs be very massive, the structure should accordingly convey that impression. In such a 

-landscape nothing can be more appropriate than a heavy masonry arch. 

There should be no doubt as to the relative importance of landscape or bridge. If the 
latter be large in proportion, it should stand out in relief, robbing the landscape of its 
supremacy (Figs. 1 and 2, Pl. XXI, and Fig. 1, Pl. XXXI). On the other hand, if the bridge 
be comparatively insignificant, then it is proper rather to underestimate its value. The result 
will be decidedly in favor of producing a pleasing effect. 

In a thinly-wooded surrounding, as in a public park, a structure should also havea graceful 
and more finished appearance (Fig. 1, Pl. XXVII). If it is a city bridge in the vicinity of 
immense buildings, perhaps of beautiful designs, then we must look to a majestic harmony 
with the prevalent style of the neighboring architecture (see Pls. XXV to XXXI, and details: 
on Pls. XIV to XVII). The masonry will consist mostly of cut stone to give the neat and 
clean outline characteristic of the city. 

In a general way, we must be careful not to carry any one feature to the extreme, as this 
would destroy the harmony and thus detract from the general appearance. 

420. The General Form should never disguise the purpose of a structure, but should 
aid in impressing the mind with visible strength and proper adaptation to purpose. 


.- 
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Similar means must be employed to accomplish similar ends. This maxim establishes 
order and purpose of form. A bridge consisting of several masonry arches and several metal 
spans of equal lengths will not appear harmonious in design unless these are properly grouped 
(see Figs. 7 and 9, Pl. XXII). Even then the question arises, why would not the same material 
have answered for all the spans? Certainly in such a case it would be more in accordance with 
good taste to place longer metal spans in the centre or most important part of the bridge, and 
to mark distinctly the lesser importance of the adjoining masonry arches, as on Pl, XXIII 
This divides up the structure into main bridge and approaches. 

The artistic form strives to make clear the relation between the different members; not 
only to emphasize certain ones, but to show the dependence of one upon another. This 
explains the preference of artistic form to sober design. When the static principles under~ 
lying a structure are inconceivable to the public mind, the latter will not be impressed with 
the idea of safety or beauty. In such instances the safety is actually demonstrated by tests 
which are often intended to win over public prejudice. It is therefore easy to understand 
why the recent developments in engineering are not generally considered beautiful. No 
matter what technical advantages they may possess, we must accustom ourselves to the new 
form and develop a liking. 

A stream spanned by a bridge of less length than the breadth of stream would make the 
structure appear inadequate (Fig. 5, Pl. XIV; Figs. 1 and 4, Pl. XVII). The main spans may 
be carried past the banks of a river, thus giving an unnecessary importance to the bridge. We 
readily fall upon these difficulties of design where the water-level is subject to great changes. 
It is plain then that any omission or any unnecessary addition would tend to belie the form 
of its purpose. 

Let it be generally Frnereiocd that in no case should the artistic ideas governing form 
contradict any static consideration. Both have their origin in the same natural laws, and 
when they conflict the static correctness should always be preferred to beauty. 

421. The Dimensions of the various parts of a structure shou'd bear a harmonious rela- 
tion to the whole. This constitutes harmony of proportions. 

For a given length of a bridge, all things considered, there will be certain lengths for the 
various spans which will give the best general effect. Again, the subdivision of a span into 
panels should bear a certain relation to both its height and length. So also a railing should 
consist of panels equal to a definite fraction of the truss panel. 

All these questions are usually determined from the statical considerations of the problem, 
but frequent opportunity is given to vary such proportions in favor of good appearance with- 
out interfering materially with the technical or practical conditions. We are often compelled 
to dimension a secondary member unnecessarily large just for the sake of looks, which can 
easily be done by choosing a flat or angle instead of a rod. 

When cast-iron or wood is used for a column we commonly find abnormal forms. The 
rest of the structure being wrought will require much less material and the result will be a lack 
of harmony in dimensions. 

422. Ornamentation should be regarded as distinct from simple or rudimentary form 
and should be utilized only to reinforce the same. 

It is not the object of ornamentation to change the general character of a structure to 
such an extent as to hide the underlying principles. Its proper application is to aid the mind 
in the conception of the purpose, by contrasting different members of a structure with each 
other. This law is so frequently violated that we are often at a loss whether or not to believe 
what we see. Covering a framework with boards and paint to imitate a stone arch; a hori- 
zontal girder blended with arch construction; a foot-bridge modelled after a Roman aqueduct; 
or decorating a girder to represent a temple, which latter hangs in the air instead of resting 
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on the ground—all these are adulterations and belie the underlying principles by exhibiting 
false forms. 

When we ornament the ring of an arch, emphasize the line of a roadway, or surmount a 
pier by a statue or other decoration to mark the importance of such parts, we add to the 
clearness and hence to the esthetic appearance. 

This subject will be taken up in detail in the articles on Ornamentation. 


INFLUENCE OF BUILDING MATERIAL, COLOR, AND SHADES AND SHADOWS ON THE 
ESTHETIC APPEARANCE OF A BRIDGE. 


423. Material.—One of the foremost considerations upon which the popularity of a 
structure depends is the building material. Stone occupies the highest rank, as it possesses 
properties requisite to «esthetics which are peculiar to no other material. As a consequence 
of its low unit strength and the necessary manner of bonding, we obtain massive forms com- 
pared to wood or metal. To the average mind, stone lends the appearance of solidity and 
strength, and emphasizes the monumental character of architecture. The general public is 
most familiar with the relation existing between the weight and strength of this material, so 
that even the uneducated eye can discern whether a structure seems unusually bold or heavy. 
Wood is not sufficiently durable for permanent structures and is not considered here. 

Iron and steel are in strong contrast to stone. The relation of strength to weight in iron 
gives rise to such light forms that the mind is often impressed with wonder. Metal designs 
display such light masses compared to masonry that it is difficult to accustom ourselves to 
this material. Another fact which speaks in favor of stone is that it occurs nearly every- 
where in nature, whereas metallic iron isa manufactured product. These differences in the 
choice of material are inherent in the customs and surroundings of a people. 

When the application of iron and steel to bridge-building has become characteristic of 
the architecture of a nation, then this material will be popular from an esthetic standpoint. 

Let it not be supposed from the preceding that the choice of artistic form is limited 
by the material. It is possible to symbolize the same natural laws in almost any material. 
A column, whether of stone, wood, or iron, will not change its character. When, however, 
artistic form is applied to construction, the material is intimately related thereto. For 
example, the capital and base of a stone column should receive different dimensions and shapes 
from those of a cast-iron column. 

We cannot realize absolute stability, or an ideal balance between loads and forces, for 
these are relative properties varying with the kind of material. In viewing a structure we 
involuntarily infer its material from its form even if paint has been utilized to disguise natural 
color. Artistically considered, it is improper to imitate a stone ornament in tin or wood, 
as the strength and weight of the latter, as also the manner of workmanship, contradict 
such forms. Even if the progress of the arts should make it possible to produce any or all 
forms out of any material, we would regard such progress wrongly applied when the attempt 
is made to destroy characteristics rather than to emphasize them. Such disregard of the 
aatural properties of material would eventually lead to coarse, miniature forms, lacework on 
an abnormal scale, or even to an esthetic lie. Technical miracles have no claim to beauty, 
since they lack harmony of form, . 

The general effect is most likely to be pleasing when but one kind of material is used 
Ksceatiss: 1,0, 3—andes) Pl ole Figs.1, 2, and 3, Pl: XXIV; and Fis, 7) Pl. XXXI).~ Great 
diversity in the static balance or in the technical execution of members, especially when these 
are of different materials, compel the spectator to change the scale with which he measures.the 
relative magnitude of forces (see Figs. 2 and 9, Pl. XXII). He may find it difficult or even 
impossible to obtain a general harmonious impression. Such examples are numerous; as when 
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masonry arches and iron superstructure of same length of span are combined in one bridge, 
or a brick arch between metal spans; or ornaments made of different material from the main 
structure. On the other hand, it is often possible to obtain rather a fortunate result by 
varying the material, as in a light metal span between masonry approaches (see Pl. XXIII). 

Both the laws of harmony and of contrast are entitled to their places in art. It is not, 
however, admissible to hide or ignore a member with the view of producing uniformity of 
effect. For example, a rod used to take up the horizontal thrust of an arch, to cover the lack 
of stability of supporting columns. Instead of giving this member its architectural significance, 
thin, thread-like -rods are frequently employed. When we fail to comply with such esthetic 
wants, we allow an unfortunate sense of wonder to fill the lack of technical truthfulness. We 
dispense with the solution of one of the most important problems in architecture. 

424. Color.—It is a well-known. fact that colors produce an impression on the mind 
which may be pleasing or otherwise, quite similar to the effect of a musical chord or discord 
upon the ear. An object may appear in perfect harmony with its surroundings, but when 
placed elsewhere would lose its entire beauty. It would seem then that the question of color 
should be regarded as one of considerable weight in the artistic design of an engineering 
structure. Hitherto this matter has been left to the developed taste. Since our vision does 
not afford us the same aid in choosing color that we obtain from statics and dynamics in the 
choice of form, it would seem proper to add this feature to practical esthetics. 

All colors may be divided into two classes, primitive and collective. The former class 
comprises the rainbow colors, while the latter are primary colors diluted with white or gray. 
As may be supposed, this difference is not physically marked, but is of purely esthetic character. 
In the scale we ascend from the primitive colors, blue, yellow, and red, to their primitive com- 
binations, violet, green, and orange, and finally to the collective color white with its eray 
variations. Both classes have admirers. The masses are more inclined to favor the intense 
pigments, while the educated minority show a preference for the softer shades. This is ‘not 
the result of a lack of appreciation for the bright colors, but of the development of taste. 

The chowce of color should be in accordance with the material to be covered. We avoid the 
use of paint when it is not necessary to the preservation of the material. Stone occurs in such 
variety of tints and requires no preservative, so that we can usually satisfy our wants without 
resorting to artificial means. Iron and wooden parts, therefore, would involve the question 
of paint. When a single color is used, let this be a soft tint in harmony with the stone and 
other surroundings. Different shades may be employed only to reinforce the static principles 
of astructure. It would, however, be decidedly against good taste to imitate material by the 
use of paint. An iron structure disguised to represent wood cannot produce a pleasing 
effect, since the form would appear too light. The same with the reverse, when the form 
would seem abnormally heavy. 

In suiting the color to the surrounding landscape the question of relative magnitude or 
importance is greatly involved. If the bridge is small, it may be well to effect a contrast or 
relief by the choice of complementary colors. As in a wooded locality, red or white would 
be well chosen. If, on the other hand, the structure is so large that the landscape appears 
comparatively insignificant, a wide range is offered without incurring the loss of contrast. 

Coloration should emphasize the static differences of the main parts. In some instances it 
may be desirable to employ various colors to aid in the decoration of a structure. Then the 
paint becomes part of the ornamentation. . Heavy masses or the principal members should in 
this case receive a heavy color, while members carrying little or no load should be made ta 
appear slender. Also a lack of relative proportion may be partly overcome by this means, 
We designate a color as being heavy when it seemingly increases the size of an object, 
Livelier shades may be employed for members which characterize the features ot cutlines o. 
a bridge. More subdued tints would be applicable to the less conspicuous surfaces. Mem: 
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bers used in the same capacity should, however, be treated alike. There is only one admissible 
exception to this rule, as when we vary two colors in regular succession. The stones of an 
arch ring may alternate red and gray without destroying the clearness of purpose. The 
beauty of a structure is increased by ornamentation, but let it be remembered that this beauty 
may be easily destroyed by extremes and by overloading. 

The general color effect should agree with the character of a structure. Bridges, as a rule, 
jemand a more sedate appearance, for which reason it is an easy matter to exceed the bounds 
of good taste. Grace and neatness may be displayed by resorting to different shades for 
railings, smaller ornaments, or even for slender rods, as the suspenders or hangers of a suspen- 
sion bridge. But, after all, we are compelled to restrict the diversity of color to contrasting 
only the main parts, as superstructure to masonry, etc. The tendency should be always to 
complete the general effect by supplying the missing features, thus bringing about harmony 
between color and the character of a structure. 

We attribute certain properties to colors, as warm, cold, light, heavy, bright or lively, and 
subdued, all of which are derived from impressions made upon the mind. These terms are 
explanatory in themselves, but it is well to remember that red and yellow always produce 
warmth, while blue, purple, and neutral tint do the opposite. A heavy color seemingly 
increases the size of an object by contrast, a light one tends to diminish apparent volume by 
destroying contrast. Bright and lively are applied to the primitives, and collective colors are 
usually subdued shades of the former. We utilize these properties in bringing about esthetic 
unison between a structure and its surroundings, since these should possess the same character. 

425. Shades and Shadows.—What has been said of color also applies to shades and 
shadows to a very great extent. All shapes and forms would be destitute of any modulation 
and would appear as planes were it not due to the shading produced by one part projecting 
over another. Upon this fact depend all principles of ornamentation. In designing copings, 
etc., we must consider the shadows, as the whole form is characterized by them. Smooth-face 
stones when laid would appear as one mass were the joints not of another color, whereas in 
rough-face stone the joints are indicated by shadows. Great art may be displayed in this 
feature of a design, but the good result is too often left to chance. 


ORNAMENTATION. 


426. In Bridge Building little opportunity is afforded to give members their ideal archi- 
tectural significance, because their forms are determined by the technical requirements ot 
strength, durability, and cost. We may well be satisfied when the general outline of a bridge 
exhibits a graceful and pleasing appearance, as in Pls. XXI and XXII. Only in particular 
cases, as for arch rings, portals, piers, cornices, and railings, we are enabled to develop artistic 
forms. (See Pls. XIV to XVII.) Therefore, to complete the esthetic value of a structure, it is 
proper to elaborate these decorative elements by supplying ornaments. In so doing we must 
consider the quantity, distribution, scale, choice, and style both of the ornaments and of the 
structure itself. 

427. Quantity of Decoration.—It is contrary to the principle of zsthetic economy to 
overload a structure or any part thereof with ornaments, even if these details are pleasing and 
properly chosen. The result would be to suppress or disguise the purpose of the main 
members and to exhibit an unbecoming wastefulness. The plain or elaborate character of an 
entire structure must not be contradicted by any of its parts. In this branch of engineering 
there is little danger of extravagance, but rather a lamentable insufficiency. The relation 
between a structure and its decorations should impress the observer with esthetic satisfaction. 

428. The Distribution of Ornaments may be utilized to emphasize certain parts without 
opposing the artistic perfectness of a bridge. The more important river spans would deserve 
being ornamented rather than their approaches; likewise an arch rather than its wing- and 
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retaining-walls. (See Pls. XIV to XVII.) Buttresses may be more elaborate than the wall 
to which they belong. | 

As a rule, members carrying heavy loads should receive less decoration than those taking 
little stress. Hence the base of a pier would be plain compared to its coping or capital (Figs. 
3, 4, 6, and 9, Pl. XVI); so also main trusses relatively to the railings and cornices (Figs. 6 and 
7, Pl. XIV and Pl. XXIII). The parts situated closer to the observer are more valuable. 
zesthetically than distant ones, for which reason the end portals, railings, etc., should be 
ornamented. (Examples in Pls. XIV to XVIL.) 

On the other hand, such contrasts must not be too strong. A statue would seem out of 
place on a rough block, or fine ornamental details on an otherwise plain plate girder. The 
attempt to attain a proper equilibrium between the architecture of a portal and the adjoining 
bare superstructure has often been unsuccessful. The tendency is to give a preference to the 
former, especially when cheap cast forms are at hand, while the comparative treatment of the 
latter remains neglected. Many designers have given way to the temptation of elaborating 
in cast-iron, while leaving wrought metal in its plain and unfinished condition. It shows poor 
taste in design when we find neat columns or piers supporting homely roof trusses, plate 
girders, etc. 

429. Scale of Ornamentation.—The dimensions of a bridge determine the relative sizes 
of its ornaments. Small decorations, even in large quantities, are not suitable to huge 
structures, and vice versa. It is difficult to attain a happy medium in this important feature, 
because a bridge is subject to examination from two main points of observation: the one 
away from the structure, from which the general appearance would be judged ; the other on 
the roadway, from which portals, trusses, railings, etc., would be viewed. We depend upon 
artistic tact for the preservation of clearness. 

When comparison is possible between two objects of similar form, though differing 
widely in dimensions, the seeming adaptation to purpose will be disturbed. Small forms 
should never be a mere reduction of large ones when both are applied to the same structure. 
Even when the same purpose is accomplished by each, it is well to modify the former, usually 
by omitting some of the details of the latter. We see such examples where the capital or 
head of a pier is repeated in the small columns of the railing, or when spans of same design, 
differing greatly in length, succeed each other in a bridge (Figs. 7 and 10, Pl. XXII). Ina 
few instances the repetition of a form in various sizes is admissible when the material is 
changed ; as a long metal arch with adjoining masonry arches. (See Pl. XXIII.) 

We must not forget that all structures, even the most gigantic, are erected by and for 
man; hence statuary, columns, and all other ornaments shaped to represent objects belonging 
to the animal or vegetable kingdom should approach the natural dimensions. The impression 
made by exaggerated artistic forms is not one of intellectual greatness, but simply a material 
hugeness, wherein grace and delicate details have been lost. 

430. Choice of Artistic Form.—The perfect artistic form of an object should recall the 
structural purpose of its parts without necessitating close observation or analysis. The 
strength of a member, its direction, application, and manner of resisting forces, should be 
readily comprehensible. It is easiest to illustrate this idea by citing some of the many gross 
violations where attempts are made to decorate but without success. On some of the old 
covered bridges the wooden suspenders have been disguised to represent compression columns, 
by supplying bases and capitals. On the Callowhill Street Bridge in Philadelphia, the 
main trusses take the shape of an arched passage, the vertical struts acting as piers, with the 
top chord representing a series of arches. Adding a frame-like decoration to wall spaces 
between buttresses is out of place, because the forces to be resisted have no bearing on such 
forms. The plain surface of a beam or girder is not appropriate for a frieze-like ornament 
extending from end to end. The centre of the beam should be marked by some special feat- 
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ure, from which the decoration may extend towards the ends. It is also advisable to choose 
ornamental details involving no particular direction, as isolated figures or panels (Fig. 6, Pl. 
XIV, also Pls. XVIII and XIX). 

431. Style.—The chief end of art is not attained by copying exactly the forms of nature 
or those of textile fabrics, but by reproducing the analogy between the static functions of 
natural products to satisfy artificial wants. Exact imitations are limited in architecture by 
difficulties relating to their execution in stone, wood, or metal. The objects to be accom- 
plished by style are; to prepare the natural forms for artistic purposes ; to maintain the struct- 
ural elements, but supply the necessary coarseness to correspond with the building material ; 
and, lastly, to neglect extremely fine details by changing the scale which might slightly 
exceed the natural. In other words, we create style by a liberal translation of nature’s 
forms. 

The extent to which style may be applied depends upon the magnitude and location of 
the member, as on the material and character of the whole structure. Every age adopts a 
style according to its peculiar conception of nature, which explains the great divergence in 
architectural forms while the constructive principles have remained the same. 

All that has been said on the subject of ornamentation is really defining “ artistic 
beauty ;” and after all there is nothing that will be of more service to the designer than a 
well-developed taste for that which is beautiful. Artistic taste may be acquired by close 
observation and study; but even then not everybody is susceptible to a broad understanding 
of “zsthetics.”” We are easily influenced by new impressions, and especially by the arts from 
other countries. 

Within the limits of our environment our ideas of beauty naturally assume a domestic 
character. Every other country has its own style, and when we become familiar with each 
we begin to realize that our domestic ideas are only primitive. ach style has claims to 
beauty peculiar to itself, and we must learn to value them, since they are as justifiable as the 
claims of our own style. 


AESTHETIC DESIGN. 


432. Division of Subject.—What has been said in the previous articles is more of a gen- 
eral character. With the aim of increasing the value of the present chapter we will consider 
briefly the design of the principal elements of a bridge with respect to general zsthetic form 
and ornamentation. In doing so the most natural subdivision of the subject would be into 
Substructure, Superstructure, and Roadway. 

433. Substructure: Piers and Abutments.—We divide up a site into a number of 
spans, the points of division being marked by piers, and the extreme points by shore piers or 
abutments. The piers serve the purpose of supporting the superstructure, of resisting the 
horizontal thrust resulting from wind and moving loads, and (when located in water) of with- 
standing wave and current action. From static considerations these forces will be resisted by 
a pier of certain form; but when the question of beauty is involved, we are usually compelled 
to modify this form beyond the requirements of absolute necessity. 

The relation between height and thickness should be in esthetic harmony with the length 
of span and apparent load to be carried. For long spans and small clearance the supports 
should convey the idea of massiveness (Fig. 5, Pl. XXI). In the other extreme of short spans 
and high piers a slender design, as an iron bent or tower, would seem proper (Fig. 4, Pl. XXI). 
A very high viaduct may even be constructed with single bents resting on pins, top and bot- 
tom, the horizontal thrust being taken up by fixed towers placed at regular intervals. Such 
a disposition would add grace and variety to the structure. 

434. The Scale for Details must be deduced from the general dimensions. A pier is 
composed of three parts—base, body, and capital or coping. Aisthetic stability is added by 
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widening out the base. In rivers where the stage of water is variable it is advisable to start 
the base a little above high water and spread with the increasing depth, thus retaining a 
visible base for all conditions (Fig. 5, Pl. XXI). The base, being most subject to the action of 
the external forces, should not be decorated. The only admissible addition might consist of 
a coping to separate the base from the body. This is desirable, for it idealizes the architect- 
ural significance of the supporting power of a foundation (Fig. 3a, Pl. XIV). 

435. The Body of a Pier is subject to many variations. The general style should agree 
with that of its base and coping. A batter is very desirable, as it emphasizes the stability 
against horizontal forces. Offsets in the vertical lines, to replace batter, are to be avoided, 
since expense is the only motive to prompt such design. Ornamentation should tend in a 
vertical direction, but it is well to maintain clearness of form and purpose by choosing artistic 
shapes, using decorations only to a very limited extent (Figs. 3, 4, and 5, Pl. XIV and PI. 
XVII). When the body is carried above the supports, as for an arch or deck bridge, this point 
should be characterized by some form of cornice or coping. The portion above the supports 
is of minor importance; it should therefore receive smaller dimensions and may be more 
elaborately decorated (Figs. 1 and 2, Pl. XV; Figs. 3, 4, and 6, Pl. XVI; Fig. 5, Pl. XXI). 

436. The Coping.—In treating the coping, which really takes the place of the capital of 
a column, a wide range both of form and purpose is offered. The common and most fre- 
quent style of coping consists of a heavy course of cut stone projecting over the body of the 
pier. Besides distributing the load over the area, it emphasizes the point where the weight is 
applied and adds a finish or covering. 

The coping is subject to more ornamentation than any other portion of a pier, and may, 
according to circumstances, develop into the form of a complete capital. In some cases the 
body is carried to the roadway, where it forms a prominent point of the railing. The cornice 
and balustrade may then unite in offsetting the coping (Figs. 1 and 6, Pl. XIV; Figs. 1 and 2, 
Bley ebigs. 3,4, and.6, Pl. XV1; and Fig..1, Pl. XVID). 

For an even number of spans a pier will fall in the bridge centre. This pier should be 
more conspicuous than the others, both as regards size and ornamentation. The object is to 
mark the centre of the structure, an important factor to symmetry and artistic effect (Fig. 5, 
Pl. XXI, right-hand pier is centre of bridge). 

437. The Abutment performs the function of a pier, but usually embodies other features 
which necessitate a more massive form. Generally an abutment constitutes the connecting 
link between main structure and approach or embankment, in which case the massiveness is 
required to serve the purpose of a retaining wall. Batter of the front face adds greatly to 
visible stability. For any wall resisting geostatic pressure the theoretical line of the face isa 
curve, which answers the esthetic requirements best, as it conforms to the popular con- 
ception of the way in which walls usually fail, viz., by bulging out or overturning. The 
simpler form approaching this is obtained by a straight batter, while the one with a vertical 
-front displays the least stability, and hence is wanting in artistic effect. 

Abutments may also be used as office buildings, and then admit of very elaborate 
designs. In case of a suspension bridge the foot of a tower is usually made to serve this pur- 
pose. When an abutment covers all these requirements it may be developed into the form 
of an end portal or archway. The design of this portion of a bridge is most susceptible to 
architectural beauty (Figs. 4 and 7, Pl. XV, and Figs. 1, 2, 5, and 9, Pl. XVI). 

It is to be remembered that the artistic details of piers and abutments should be devel- 
oped upward and never down ; that the coping takes precedence over the body, and this over 
the base, in the order of esthetic value. It is barely possible to formulate any rules for the 
details regarding the horizontal subdivision of a pier or other body of masonry into courses, 
etc. These subdivisions depend upon the position of the observer and the height, thickness, 
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surroundings, loading, material, shades and shadows, etc., of the object. (For examples see 
Plates XIV to XVII.) 

438. Superstructure.—The question of artistic design is more neglected in the general 
forms of trusses than in any other portion of a bridge. The reasons previously mentioned 
for neglecting zxsthetics in bridge building bear more strongly on iron and steel work than on 
masonry. Competition is far greater among manufacturers of the former class, and especially 
when plans are prepared by them. The question of extreme economy of both labor and 
material formsthe basis for such designs. Therefore, when stress is laid on artistic effect, 
plans should be prepared by the engineer, or else let it be understood in advance that design 
as well as cheapness will be considered. This will tend toward elevating the standard of 
designing without neglecting economy. 

With the possible exception of city bridges, ornaments may be entirely omitted without 
materially injuring the esthetic value of a structure. The essential considerations are form, 
symmetry, and adaptation to surroundings and purpose. When these are complied with, so 
that a structure as a whole will convey a pleasing and harmonious effect, then we have accom- 
plished the end of an artistic design. 

To insure a successful result zsthetically considered, certain relations between the various 
parts of a bridge must be maintained. These have received mention in the foregoing, viz., 
the proportion of height of substructure to superstructure; of height to thickness of piers; 
of base and coping to body of pier; even the thickness of masonry courses (with due regard 
for material) to the general scale. A gradual curve over the length of a bridge, with the high- 
est point in the centre, adds grace and prevents the optical illusion of a long horizontal line 
appearing sagged. Technical conditions frequently necessitate such grades, which are either 
regular curves or broken lines with intersections in pier centres. Much may be done to im- 
prove appearance by grouping spans according to importance and location, but in such cases 
the change should be abrupt rather than gradual; as, for instance, a heavy pier may be 
inserted, allowing the portion to one side to act as main structure, the other as approach 
(Fig. 5, Pl. XXI). It would also seem inappropriate to repeat the form of a large span in a 
small one, thus producing the effect of a miniature or model from which the larger was 
designed. The small span should have a character of its own, to imply its difference of pur- 
pose. 

Should the number of spans in a bridge be even, then the centre pier should have some 
extraordinary feature to mark its importance. When the number is odd, the centre span 
should be longest, and if possible contain the highest point of the grade line (Figs. 3 andas: 
ble XX). 

In the case of a long viaduct the appearance may be greatly improved by a systematic 
grouping of piers or spans; as by inserting a masonry pier between a number of metallic 
towers or bents at regular intervals, or by making spans alternate in length. This will relieve 
monotony which would otherwise be a serious objection. 

The most pleasing effect is produced by an arch, whether of stone or metal, but is often 
avoided on account of expense (Pls. XXVI and XXXI). The next form is probably the in- 
verted arch, or suspension bridge (Fig. 1, Pl. XXII), then follow trusses with curved chords 
(Fig. 1, Pl. XXVIII, and Fig. 2, Pl. XXX). Still less pleasing in appearance are parallel 
chords (Figs. 2 and 3, Pl. XXVIII); and last in order of beauty, irregularly broken lines, as in 
a cantilever (Fig. 6, Pl. XXII). The relative amount of material for an arch or suspension 
bridge is much less than for a truss, yet the cost of the former is usually higher, for reasons 
depending on manufacture and building. 

If we wish to regard clearness of purpose as the prime factor in determining what is 
beautiful, then it is plain that the suspension system should be most popular, its principles 
being plain to nearly every one. The arch would rank next, and trusses last. It might be 
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added that a beam or plate girder is simplest of conception, which is true within the limits to 
which they are applicable. The truss, however, in virtue of its internal complications loses 
its resemblance to a beam, and is therefore less popular. 

It is also easy to understand why a deck bridge should be more esthetic than a through 
bridge. When the supports are at the topchord (where they should be for a truss) the struc- 
ture is in stable equilibrium, and the sway system can be properly developed, which favors 
architectural perfection. It is to be regretted that deck bridges are so limited in their adap- 
tion. 

Ornamentation if desirable should be applied in accordance with the rules given in the 
articles on that subject. 

439. Roadway.—The purpose of all bridges is to carry loads. For railroad and highway 
accommodations this is accomplished over a roadway, for aqueducts through tubes, etc. 
Hence the symbol of utility is exhibited by the line carrying these loads. 

In accordance with the foregoing principles, it would seem proper to develop this line to 
its full zsthetic value. We accomplish this end by adding weight in the form of cornices, 
ornaments, railings, etc., to the line of the roadway. The simplest addition of this kind, fora 
metal bridge, consists of the floor system itself, and of a plain coping-stone for a masonry 
structure. Both represent in themselves continuous, heavy lines, but these may be farther 

developed into artistic forms. As long as we avoid extremes, either by supplying too much, 
or by destroying the harmony with the style of other parts of the structure, a decided im- 
provement will be realized by developing this member. 

The parts carrying the roadway receive artistic form by the addition of a cornice, the 
character of which depends upon the material and style of the structure. Masonry is best 
adapted to such ornamentation, since arches are always deck bridges and the natural finish is 
produced by the cornice and balustrade. 

It would seem proper to omit cornices from through bridges, since there is always a 
strong tendency to cover the bottom chord to such an extent as to destroy its zsthetic 
significance. This severe criticism may be justly applied ot the Callowhill Street Bridge in 
Philadelphia, where both chords are completely disguised. 

Plate XVIII shows a number of cornices and string courses to be used in buildings and 
which serve as suggestions for cornices for both stone and metal bridges; some alterations, 
however, would be necessary to suit them to the latter material. They all require heavy 
structures and would be out of place on slender designs. Plates XIII to XVII give good 
examples for the various styles of bridges. . 

440. Railings.—For trusses, the only available decoration of the roadway would seem to’ 
be the railing. The top chord of a deck span may be surmounted by a cornice, but great care 
must be exercised not to disturb the proper balance. A railing serves as a protection and 
reminds the observer of the intended purpose of a structure. Hence the lack of supplying 
this member to a public passage-way would invariably recall an insufficiency of design. 

In classifying the forms of railings or balustrades the technical considerations would de- 
pend principally upon the materials, stone, wood, or metal, while the zsthetic properties are 
determined by the static requirements to which the material is made to conform. A plain 
parapet wall is the simplest balustrade and is frequently applied to stone bridges. The first 
motive to decoration is the addition of a cover or coping, which serves to protect the wall 
against water. The complete form, however, would necessitate a base. The artistic idea of 
a railing, therefore, embodies three parts: coping, wall or web, and base. These, though 
derived originally from stone architecture, retain their zesthetic value when applied to wood or 
metal designs. 

The relation between the heights of these parts to the whole is important. There is a 
tendency to elaborate the base and coping beyond their proper proportion. This should be 
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carefully avoided, as it makes a bridge appear too light for its purpose. Naturally, the web of 
a railing is most subject to ornamentation, and is usually divided into panels, which may be 
solid or otherwise to harmonize with the entire structure. 

Plate XX gives a number of designs for railings which may be used in the following 
manner: Figs. 1 and 6 are intended for execution in brick; Figs. 2 to 5 in stone or terra 
cotta; Figs. 7 to 10 in cast-iron. Fig. 11 may be either cast- or wrought-iron and is the 
corresponding metal form to the stone railing shown in Plate XIV, Fig. 1. Figs. 12 to 32 are 
intended for wrought-iron, some of which have cast trimmings and posts. Figs. 29 and 31 
represent cast frames with wrought fillings. Other handsome designs may be found in plates 
XIV to XVII. 

Before closing the subject of “ Aisthetic Design” there is one other feature, not bearing 
on design but on execution, which ought to receive mention here. Nothing detracts more from 
the general appearance of a structure than an untidy, slovenly surrounding. Not infrequently 
quantities of refuse building material are left on the site of an otherwise handsome bridge. A 
little attention in this direction would add considerable credit to the parties concerned. 


COMMENTS ON THE PLATES. . 


441. Plate XIV.—Fig. 1 may be considered artistic when we allow for the character of its 
surroundings, among massive buildings in the city of Hamburg. The arch is plain and 
heavy, with just enough detail to separate the ring from the other masonry. The railing and 
cornice are in good proportion, and are well combined with the coping of the pier. The 
zesthetic appearance might be somewhat improved by diminishing the cross-section of the 
portion of the pier above the springing of the arches in some such manner as in Fig. 1, Pl. XV. 

Fig. 2 is at fault, owing to the omission of a coping at the springing of the arches, asa 
consequence of which the latter have no visible support. There is no necessity for extending 
the full section of pier to the height indicated. 

Fig. 3. The base of the tall pier might be modified as shown in a, otherwise the design 
is good. 

Fig. 4. The tower above the roadway seems abnormally heavy in proportion to the pier. 
This is caused by the change of batter, which might have been avoided. : 

Fig. 5 is a very neat design, though a slight batter of piers and abutments would add to 
its beauty. 

Fig. 6 is open to the same criticism as Fig. 2, The coping at the springing line should 
have been carried around the pier. 

Figs. 7 and 8 are very skilfully treated. 

442. Plate XV.—AIl the figures of this plate, though differing widely in character and 
purpose, are good examples of artistic design. The pier in Fig. 3 combines usefulness with 
a pleasing appearance, and was actually intended for a means of defence. Such forms are 
out of date, yet retain their beauty even to the present day. The towers in Fig. 7 are some- 
what lacking in esthetic stability. The defect might easily be remedied by slightly inclining 
them toward each other. 

443. Plate XVI.—Fig. 1 is of a character similar to Fig. 3, Pl. XV, and would hardly be 
applicable to this country. The buttress adjoining the arch in Fig. 7 might properly be im- 
proved by a slight batter to the left, with a corresponding widening of its base. The other 
examples on this plate are hardly subject to any Criticism. 

444. Plate XVII.—Fig. 1 exhibits a very tasteful design for a city bridge. The shore 
span seems rather short as the abutment is placed in the water, but the conditions justified 
this disposition owing to the previously existing quai-walls, The centre of the arch is properly 
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offset by the keystone, and is further emphasized by a similar ornament in the railing. The 
recesses in the roadway at the piers and abutments are very appropriate and add considerable 
to the decoration. The cornice and railing over the pier, though different from that of the 
continuous roadway, agree well with the general style of the structure. The arch ring is well 
developed and stands out in relief from the plain surfaces of the external segments. 

Fig. 2. Here the line of the supports is carried through in the form of a secondary 
cornice, actually dividing the bridge into two stories, which idea is artistically embodied in 
the centre pier. The entire design is plain and complies well with the requirements of a rail- 
road bridge. 

Fig. 3 is a more elaborate structure for a railroad, and is well suited to its location. 

Fig. 4 illustrates the utility of brick in erecting an inexpensive bridge. All the decora- 
tions are of this material produced by color-effect and otherwise. The pier would be more 
graceful if the portion above the lower coping were not quite so wide. 

445. Plates XVIII, XIX, and XX are considered in articles pertaining to roadway. 

446. Plate XXI.—Fig. 1 owes its pleasing apppearance solely to its form. The struc- 
ture is very plain otherwise, but suits its purpose admirably. 

Fig. 2 is of similar character, but adapted to railway traffic. The dimensions of the arch 
increase toward the springing, which illustrates, architecturally, the technical requirements. 

Fig. 3. This immense structure justly demands supremacy over its surroundings. The 
graceful lines of the cables stand out in bold relief against the sky, thus bringing about per- 
fect harmony with the landscape, which is characterized by the masts and rigging of thou- 
sands of vessels in the harbor. The bridge is strictly plain and owes its beauty to its form. 
The towers have the appearance of being unfinished, and should be capped with an appro- 
priate design. 

Fig. 4 is a plain though very effective design for a viaduct. It might not be as economi- 
cal as a plate girder, but the appearance is worth the difference. It is a fine example of artis- 
tic construction in wrought-iron. 

Fig. 5 represents one of the few bridges that may be called a model. Every detail dis- 
closes artistic tact. , 

447. Plate XXII.—As a general criticism, all these designs lack symmetry except Nos. 
I, 2, and 8, which defect is not excusable, as may be seen from P]. XXIII. No. I is a correct 
solution of the problem, and presents a very graceful appearance. 

No. 2 is wanting in esthetic stability, as the thin cables of the approaches do not counter- 
balance the mass of the main span. . 

No. 3 conveys the idea of extreme economy. Such a structure would not be very credit- 
able to a wealthy city. 

No. 4 is a succession of arches which bear no artistic relation to each other. The heavy 
pier in the bridge centre is not called for, since the long span is really more important. The 
change of grade was unnecessary, as shown by the other designs. , ; 

Nos. 5 and 9. If the left half had been repeated on the right-hand side of the centre pier, 
both designs would have been acceptable. Of course this would convert the probable canti- 
lever into two braced arches and two cantilever-arms. 

No. 6 would seem like a monstrosity in a city like New York. Such a bridge would be 
more suitable to the wilds of the far West. 

No. 7 contains such a variety of arches*that the common mind might wonder whether 
there could be any circumstance where arch construction is not possible. Of course the de- 
signer probably had some reason for choosing this disposition, yet the manner of solving the 
problem is justly open to criticism. ; 

No. 8 is too heavy and would not harmonize with the surroundings. : 

No. 10 would represent a fair design, though the centre span might have been increased 
about 50 feet. Even then the river spans seem rather insufficient. 
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448. Plate XXIII.—-The four designs for Harlem River or Washington Bridge illustrate 
very clearly how the unsymmetrical forms on Pl. XXII might have been avoided. The draw- 
ing by Mr. C. C. Schneider is a model in every respect. The metal arches are highly artistic, 
yet plain, and appeal to the eye as the important members of the bridge. The more orna- 
mental roadway is massive, but in very good proportion to the arches. The masonry ap- 
proaches exhibit a distinct character, peculiar in themselves. The style of the shore piers is 
exactly repeated in the river pier. The coping which marks the springing of the masonry 
arches is carried through the entire stone work. The railing and cornice are uniform over the 
bridge, but are emphasized in the main structure by the secondary arch system below. The 
harmony between the various parts is admirably preserved. 

The design by Mr. W. Hildenbrand is less pleasing in effect. The arches of the 
approaches resemble too much the secondary system of the roadway, which latter appears 
rather heavy compared with the main arches which carry them. The manner of bracing the 
vertical columns destroys to a great extent the effective character of the braced arches which 
stand out so clearly in Mr. Schneider’s design. 

The defects in the contract drawing are nearly all remedied in the bridge as built, and are 
so plainly visible that nothing more need be added. 

449. Plate XXIV.—Figs. 1, 2, and 3 are very neat designs, each suited admirably to its 
purpose. The beauty is due entirely to the general form, and decorations would be quite 
unnecessary. The lack of symmetry is clearly justified by the profile. 

The St. Louis and Washington bridges are considered elsewhere. 

450. Plate XXV.—Fig. 1. This most beautiful structure well deserves mention here, and 
illustrates the extent to which esthetic design may be applied to bridges. It is hoped 
that we may soon be able to include similar artistic feats among American productions. 

Fig. 2. The Salzburg Bridge, together with its landscape, exhibits a very picturesque 
appearance. The only defect is in the peculiar truss ornamentation, which partially disguises 
the technical outline of the superstructure. 

451. Plate XXVI.—Fig. 1 is a railroad- and highway-bridge combined, which accounts 
for the heavy form, though the design is in good keeping with the surroundings. 

Fig. 2. The iron highway bridge in Basel is a very pretty structure. The masonry is 
rather old-fashioned, but this is required by the character of the locality. The river piers are 
still in want of the necessary statuary. 

Fig. 3 shows what results may be obtained without resorting to ornamentation. * The 
bridge represents a most effectual piece of work, comparatively cheap and to the purpose. 

452. Plate XXVII.—Fig. 1 illustrates a type of bridge which should be more frequently 
seen in the parks of our large cities. It is a very handsome design, with the exception of the 
railing. One of the patterns on Plate XX, as Figs. 21, 25, or 30, would have been more in 
place. 

Fig. 2 is in itself far from being a beautiful structure, though it is in artistic balance with 
the rugged landscape. Nothing elaborate is called for, hence the design answers its purpose. 

Fig. 3 represents the earliest form of metal bridges, with piers adapted to defensive 
purposes. Even at the present time these might prove useful. The general disposition is 
nevertheless in conformity with esthetics. The centre pier is developed to the proper degree, 
and the shore piers, or abutments, are offset by the fortified towers, which include the end 
portals and toll offices, The lattice trusses rank among the least artistic, but in this case, with 
its many systems, it approaches closely the beam or tubular form. 

453. Plate XXVIII.—Fig. 1 is a modern example of the fortified type of bridges. The 
abutment is a perfect fort, to which the heavy trusses are well suited. 


Fig. 2 is a very graceful and highly ornamental bridge, of which the city of Mayence may 
well be proud. 
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Fig. 3. This is one of the earliest forms of metal arches, and was used largely as a pattern 
for the Eads Bridge in St. Louis. It is a plain yet effective design and highly creditable to 
its engineer. 

454. Plate XXIX.—Fig. 1. The Rialto Bridge, over the Grand Canal, in Venice, is his- 
torical in bridge architecture. It is the peculiar character of the adjoining dwellings that lends 
beauty to this monument to early engineering. The same design repeated elsewhere would 
undoubtedly prove an artistic failure. 

Fig. 2 is a beautiful structure and very creditable to the city of St. Louis. It is beyond 
question one ofthe neatest suspension bridges in this country, and would bear repetition else- 
where. 

Fig. 3 represents the model bridge of Philadelphia. Similar structures erected at Market 
Street, Girard Avenue, and Callowhill Street, would have been more in place than the present 
crossings of the Schuylkill at these points. The Girard Avenue Bridge is very handsome, but 
does not compare with the one at Chestnut Street. Instead of the abrupt change of grade in 
the centre of this bridge, a gradual curve might have been chosen. 

455. Plate XXX.—Fig. 1. The portal of the New Hamburg Bridge is one of the finest 
pieces of engineering architecture in existence. The superstructure, which is an exact copy of 
that of the old bridge shown in Fig. 2, would hardly be duplicated elsewhere, though it looks 
well. The fact that two structures of this design were placed side by side is to be deplored. 

456. Plate XXXI.—Fig. 1 of this plate has received mention in speaking of Plate XXIV. 

The St. Louis Bridge with its world-wide reputation scarcely needs any comment here; 
it is added as a model of esthetic design. 

456a, Plate XXXIa.—Fig. 1* is a fine view of the Tower Bridge recently constructed 
across the Thames at London, near the Tower of London, from which it takes itsname. This 
design is the result of some twenty years’ continuous study and discussion, and although it 
spans a total opening of only about 800 feet, it has been constructed at a cost of over 
$4,000,000. A large part of this cost has been incurred purely for the sake of zsthetic effect. 
The four elegant stone towers simply serve the purpose of enclosing and covering from view 
four pairs of steel towers which carry the loads imposed by the suspension cables. The two 
side openings are 270 feet each, and the centre opening 200 feet. The roadway of the central 
span is arranged to open on the bascule principle, and while it is open passengers are transferred 
to the tops of the towers by elevators and cross over on two independent footways, each twelve 
feet wide, at a height of 141 feet above high tide. This bridge was opened for service in 
June, 1894, and has continued in very successful and satisfactory operation to the present 
writing (May, 1895). The design of this bridge is due to J. W. Barry, Engineer, and Horace 
Jones, Architect, both of whom were employed by the city of London to prepare and execute 
the design. It forms the latest and best illustration of the proper course a corporation should 
pursue in securing the best results where an engineering design is expected to have a pleasing 
architectural effect. Neither the engineer nor the architect alone, however competent in his 
own field, is equal to the successful execution of such a project. The result has more than 
justified the action of the corporation of the city of London in this matter. 

Fig. 2 t illustrates the Black Friars Road Bridge across the Thames at London, which was 
finished in 1869. Mr. Joseph. Cubitt was the engineer engaged by the city corporation. The 
piers are ornate, but in excellent taste, the cylindrical column being composed of polished red 
granite, and the pedaments and capitals of Portland stone. The external wrought-iron ribs 
are covered with ornate cast-iron facia, and the slightly curved roadway is guarded on either 
side with a parapet of Gothic design, three feet nine inches high. This bridge is an excellent 
example of simplicity and good taste, obtained at a moderate cost. 


* See Engineering, Jan. 4, 1895. + See Engineering, Feb. 8, 1895. 
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456b. Plate XXXId. — Fig. 1 * of this plate shows the Charing Cross railway bridge, 
completed in 1869 and widened in 1884. But little attempt has been made in this bridge to 
produce a pleasing architectural effect, and the pile-like character of the piers gives to the 
bridge the air of a temporary structure. This bridge was built by the railroad companies who 
use it, and it well illustrates the difference between a good and a poor architectural design. 
Even such attempts as have been made at ornamentation on the brick piers appear strained 
and out of harmony with the rest of the design. 

In Fig. 2+ we have a view of the Victoria Road Bridge across the Thames, which was 
completed in 1858, after a design by Mr. Thomas Page. The total length of this bridge is 700 
feet, the central opening being 333 feet. Both the abutments and the piers are enclosed in 
stonework, giving a very pleasing architectural effect. The loads are really carried inside of 
these stone shells on iron columns and concrete masonry. As the anchorage abutments are 
on the river banks, and the two piers are placed in the river, the entire structure rests over 
the water, and nothing has been lost by having the approaches extend over the land. It 
offers less obstruction to river traffic than an arch bridge would, and it has a more pleasing 
appearance, especially by way of contrast. 

4560c. Plate XXXIc.—This plate contains an additional view of the Tower Bridge 
London, shown in Fig. 1, Plate XX XIa. 

456d. Plate XXXI¢d—This plate gives a view of the famous suspension bridge at Buda- 
Pesth, which is frequently called the handsomest bridge in the world. 


Notr.—The author is greatly indebted to the following gentlemen, who have so kindly assisted in procuring 
desirable illustrations : 

Messrs. Wm. R. Hutton and Leo von Rosenberg, for the use of Plates XIII, XIX, XXII, XXIII, and XXIV from 
the monograph on the Washington Bridge ; 

Mr. John C. Trautwine, Jr., for view of Chestnut Street Bridge, Philadelphia ; 

Mr. Carl Gayler, M. Am. Soc. C. E., Designer, and the King Bridge Co. Contractor, for view of Grand Avenue 
Bridge, St. Louis ; 

The Cosmopolitan Magazine, for the plates of Fig. 3, Plate XXI; Fig. 1, Plate XXIX; and Fig. 1, Plate XXXI ; 

Prof. C. L. Crandall, of Cornell University, for the use of Plate XVIII, anda number of photographs from the 
magnificent collection belonging to that institution ; 

Mr. James Dredge, Editor of Engineering, for the four views of London bridges shown in Plates XXXIa and 
XXXIé. 


* See Engineering, Feb. 22, 1895. + See Engineering, April 5, 1895. 
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CHAPTER. XXVII. 


STAND-PIPES AND ELEVATED TANKS. 


457- Use of Water Towers.—Where high ground is not available for service reservoirs 
as a part of a city water supply system, they are replaced by the storage of a small quantity 
of water at a high elevation, in a steel tank or “stand-pipe.” These serve to relieve the pipe 
system of excessive “water-rams,” and to equalize the irregularities of pumping and using. 
These reservoirs may be large enough, in small cities and towns, to supply the night service, 
and also to feed three or four fire streams for an hour, or until the pumps can be started. 
In the case of a stand-pipe it is only the water in the upper portion which is available for fire ser- 
vice. It is on this account that tanks of larger diameter, elevated upon steel or masonry 
towers, are always.of more value than stand-pipes of the same total cost. The stand-pipes 
are, however, much more common. From the great number of failures of these in all parts 
of the country, in the last few years, it is evident that they have been very poorly designed. 

These two kinds of structures will be discussed separately. 


STAND-PIPES. 


458. Dimensions.—In order to decide upon the dimensions of a stand-pipe it is necessary 
to determine the storage capacity required above a given plane. Suppose this plane of least 
effective elevation of water to be 100 feet. Let it be required to compute the storage 
capacity needed to serve a given population through the night, when the pumps are operated 
only in the daytime, counting the night service as somewhat less than one half the day 
service. Allowing 60 gallons each per day for the entire population, we have, as the height 
through which the water will be drawn down at night, for stand-pipes of different diameters, 
and for towers of different sizes, 


A= = for 12 hours’ pumping ; 
ete 
ee MY dao Oe era (G) 
oe, 66 8 66 66 
Wee 9 - 


where % = height in feet through which the water is drawn down at night ; 
P= number of population ; 
d = diameter of stand-pipe in feet. 


428 MODERN FRAMED STRUCTURES. 


Thus for a town of 8000 inhabitants, with a stand-pipe 20 feet in diameter, the water 
would be lowered 7o feet at night for 10 hours’ pumping. 

Again, let it be required to find the capacity necessary to supply four fire streams, each 
discharging 200 gallons per minute (1-inch smooth nozzles 70 feet high, Freeman), for a period 
of one hour. We now have, as the number of fire-stream hours which can be supplied, 


n = 0.0005hd’ (streams of 200 gallons each per minute); (2) 
n = 0.0004hd* (streams of 250 gallons each per minute); ed on 


where 2 = number of fire-stream-hours ; 
h = height through which the water is drawn down ; 
d = diameter of stand-pipe in feet. 

From equations (1) and (2) the capacity of the stand-pipe above a given plane can be 
found. This determines its height when the diameter has been fixed. 

The height should never be more than ten times the diameter, and preferably not more 
than eight times the diameter. 

459. Character and Thickness of Metal.—The material of which the plates are made 
should be mild steel having an ultimate strength of 55,000 to 64,000 Ibs. per square inch. In 
the markets this is known as “sheet steel,” or “boiler steel.” There is a cheaper grade of 
steel plates on the market known as “tank steel.” This is apt to be hard and brittle and 
should never be allowed in any part of the structure. Most of the failures in stand-pipes can be 
traced to this one cause.* And yet most of the stand-pipes in this country have been built 
of this material. (See Art. 468 for specification for material.) 

If sufficient precaution is taken to insure obtaining the right kind of material in the plates 
then the thickness can be determined by the following considerations : 

Allowing that the double-riveted vertical joints have an ultimate strength of 60 per cent 
of the gross section, and counting the tensile strength of the material at 60,000 Ibs. per square 
inch, the actual strength of the vertical joint is 36,000 lbs. per square inch of gross section. 
Taking a factor of safety of four, we may allow a tensile stress of g000 Ibs. per square inch on 
the gross section or of 15,000 lbs. per square inch on the net section. 

The tensile stress in the shell, per vertical inch, is 7 = fv, where fp is the fluid pressure 


62.44 


per square inch, and 7 is the radius of the cylinder in inches. But p = = 0.434%, where 
144 


és : . 27 : 6 
h is the head in feet. Taking d= = as the diameter in feet, we have, for the thickness of 


the shell required at any depth, 


Prd fois 
deity ie ee ree eras Sy 


where ¢ is in inches and % and @ are in feet. 

The least thickness used should not be less than one fourth of an inch. 

Fig. 423 shows graphically the thickness to use for different values of 4d, varying by 7 
inch. It is not desirable to specify thicknesses varying by thirty-seconds of an inch. This 
diagram makes some allowance for imperfect workmanship and a poorer grade of material in 


the very thick plates. It is not possible to rivet up thick plates without considerable internal 
stress. 


* The writer examined and tested the broken sheets from a stand-pipe which burst under a static pressure which 
produced a tensile stress of only one fifth of the ultimate strength of the material and found them so brittle that they 
could not be straightened in the rolls without breaking. 
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In Fig. 423, the thicknesses are shown to actual scale. It is not wise to try to use plates 


Thickness of Plates 


FIG. 423. 


thicker than one inch. If this does aot give the capacity 
required it would be better to duplicate the plant than to 
try to use thicker plates. 

460. Wind Moment and Anchorage.—The over- 
turning moment due to wind pressure may be taken as 4o 
Ibs. per square foot on one half the diametral area into one 
half the height if a stand-pipe, or into the height of the 
centre of pressure if an elevated tank. 

The moment of stability is the weight of the empty 
tank into its radius if there are no brackets, or into the per- 
pendicular distance to a line joining two adjacent anchorage 
points when brakets are employed. If this is not equal to 
the overturning moment, the remainder must be provided 
for by anchorage rods extending into the masonry. 

In Fig. 424, let AB... Frepresent the anchorages of 
the brackets of a stand-pipe whose centre is O.. If we 
assume the wind to be in the direction OH, then the 
brackets 4 and D act with arms one half those of B and C. 
The pull on the rods at A and D will also be one half that 
at B and C, hence the moments of resistance of the brackets 
A and PD will be one fourth those at B and C. 


eee 
/ 
m / 
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a 
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Taking moments about the line ZF, 
Let 17 = overturning moment ; . 
M, = moment of resistance of dead weight = W x dist. OW == WA; 


4 P = pull on anchorage rods at & and C; then we have 


M=WA+4PA+PA or P 


M— WA 
= oc ° ° ° ° ° ° ° (4) 


If the wind had been in the direction BZ, then the anchor rods at B would have acted 


430 MODERN FRAMED STRUCTURES. , 


with the arm BZ, and those at A and C with the arms AF and CD. Let the distance Co — 7 


wmethnen CL.— AFP = 2a, and BE — 4a. 
The amount of the lift at_4 and C is to that at B as their relative distances from the 
diametral line #z or as @ is to 2a. 
Let P, = pull on anchorage at 3; 
P. ==) 66 73 6c 66 C. 
Then we have 


M=2Wat4PataPa eee ee 


: P : 
Butesince, 2 a we obtain 


12. a Ue ° e e ° e e e e e ° e (6) 
6a 
a a4 500 pe nied 
Now, Wo= 866, =='0;56, or Z=O500, 
Therefore ay 
M — 1.16 
ie =— ern . e e e e e e e e ° v (7) 


By comparing this with eq. (4) it will be seen that P, is greater than P when the over- 
turning moment is greater than about twice the moment of stability WA, otherwise P is the 
greater. 

Having found P or P,, whichever is the greater, this fixes the depth of the masonry 
foundation, the size of the anchor rods, and the strength of the brackets. The masonry must 
be deep enough to supply the necessary dead weight; or that part of it which can be supposed 
to rest on the anchor plate, or to be lifted by this plate, must be equal to A, The weight of 
a cubic foot of masonry may be taken at 150 lbs. 

The size of the anchor rods must be taken as the size at the base of the screw threads if 
they are not upset at the ends. The working stress on these may be taken at 15,000 lbs. per 
square inch of net section. 

461. The Anchorage Brackets.—It is a 

very common practice, in anchoring down pedes- 

ap tals, to attach the anchor bolts to the outstanding 

legs of angle irons which are riveted to the feet 

of the posts. This is a very poor attachment, as 

at most two or three rivets are required to take 

the whole pull of the anchor bolts. A _ better 

arrangement for a bracket is that shown in Fig. 
A235 

The bracket is 15 feet high and has a base of 


CO00000000N0D 


oI 8 feet to anchor rods. It is curved slightly for 
oI appearance, and is composed of a solid plate with 
o| double angles on all three sides. The pull from © 
| the anchor bolts is transmitted through a suf- 
eI ficient number of rivets to the web of the bracket, 
a and thence by shear and bending moment to the 
om o side of the stand-pipe, which is reinforced on the 
gate eI inside, at the top of the bracket, by a heavy angle 
= PACS |i ; iron. This takes the pull or thrust coming from 
LETTE Aes ee TE v7 the outer flange of the bracket which is concen- 


trated at the upper end.* 


* This form of bracket was used on the stand-pipe at Jefferson City, Mo., which is shown in Fig. 430. 
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For large brackets stiffening angles should be placed diagonally across the web, as shown 
in Fig. 425. 

In case no brackets are used the anchor bolts 
should be attached directly to the bottom ring of the 
stand-pipe by means of long angle irons, as shown in 
Fig. 426. 

The anchor bolts must here be kept as close to 
the side of the stand-pipe as possible. 

The brackets are preferable, however, as they 
serve also to distribute the dead weight over a larger 
area of foundation. Furthermore, they add greatly to 
the general appearance of the structure. (See Fig. 430.) 

The use of cast-iron lugs, of short vertical dimen- 
sions, riveted to the sides of the stand-pipe, to which 


Y Yyyyy 2 
the anchor bolts are attached, cannot be too severely Y) Yj} YY 
condemned. Fic. 426. 


462. Details of Construction.—This not being a work on foundations or on water-works 
construction, the questions pertaining to character and sufficiency of the foundation; inlet and 
outlet pipe; cut-off valves and their operation by hand or by electricity from the pumping 
station; float indicators, electric and otherwise; man-holes, stairway, flushing-out pipe, etc., are 
here omitted ; also all discussion of outer masonry structural housing and the design of the 
same, and whether or not it is necessary to enclose the stand-pipe in any manner. It is 
assumed, however, in this chapter that the tower is not enclosed. 

Riveting.—The subject of riveting is discussed in Chapter XVIII. Although lap joints 
are almost universal in these structures, the difficulty of making a water-tight joint where 
three plates come together makes some other arrangement desirable. The strength of a lap 


joint also is much less than that of a double-strap butt joint. Since the horizontal joints are 
not stressed by the water pressure, they may be lapped and single riveted. The vertical 
joints should be made with double butt straps, as shown in Fig. 427. Here the vertical joints 
have double butt straps with bevelled calking edges on all four sides of the outer strap. The 
inner strap is not calked. The straps should be not less than 4 in. thick, nor thinner than one- 


half the thickness of the plate, 
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The proportions of diameter and pitch of rivets to thickness of plate are given in the 
table below, which has been compiled from the Watertown Arsenal experiments on riveted 


joints. 
RIVETED JOINTS FOR STAND-PIPES. 


Pitch Inietenee Distance Percentage 
Kind of Joint on Thickness Diameter of Rivets | Barca of Pitch-line | of ‘I otal Strength Holes. 
i f Pl: f Ri Centre b “ from ot Plate 
Vertical Seams. of Plate. of Rivet. , oe Pitches: ane of Pine deveione: 
inch inch inch inch inch 
Single-riveted lap.... 4 g 1g “ ai “3 ] 
ss BG OF eat fs g 13 os 14 2 
1 
Doubie- “ “ Pe 2 2g 2t 1¢ 
“ ce ce Bs ea 22 24 It 60 
: x A is @ 28 24 IR Punched 
os oe ees 4 4 2g 23 14 
Wy “f Ditteaee 35 t 2t 22 18 
«e ce ce & $ z, 2g 23 1g 
“ce «ec ce ii I 2% 23 13 
“e «e ce 3 T 3 24 1% 6 
‘ec “ec “ce 18 I 3 24 1% 7 
«<¢ ce ce 4 It 3 24 2 \ 
ie ss sd i8 I} 3 24 2 + Drilled 
ce ce ce ee It Bt 23 2t 
Triple- ‘‘ Se eric I 1} 4 3 24 75 


It will be observed that the butt joint is much more efficient than the lap joint, even 
when both are double riveted. When the plates are more than ? in. thick they should be 
drilled and not punched, as the cold flowing of the metal in punching thick plates injures it 
for a considerable distance around the holes. 

Plates thicker than 1 in. should not be used if it can be avoided. Since all the riveting 
is done by hand in the field, the rivets should be of iron. 

Calking.—All calking edges should be bevelled on a planer, and the calking should always 
be done with a round-nosed tool, as shown in Fig. 428. If a square-edged tool is 
used it creases the inner plate, and if this should prove to be of brittle steel it might 
cause a failure along this line. On all plates over $ in. thick the vertical joints 
should be made by double butt straps, as shown in Fig. 427. If single straps are 
used the joint is no stronger than a lap joint, which it really iss When these are 
not used, one of the plates, where three plates meet, must be scarfed down to a 
feather edge, and this should be done by heating the corner of the plate before 
putting under the hammer. This heating and cooling one corner of a steel plate 
introduces unknown internal stresses into the plate, especially if it is of a high grade 
of steel, which can only be removed by annealing the plate. The butt straps avoid 
this source of weakness also. 

Bottom.—The bottom is attached to the sides by a heavy interior angle-iron, as ; 
shown in Fig. 425. In the case of high stand-pipes, or those over 120 feet high, Fic. 428. 
there should be two of these angles to better distribute the dead weight of the sides on the 
masonry, as shown in Fig. 429. The bottom is usually 
made of @-in. plates, and this is attached to the first 
ring of the sides and thoroughly calked, and then 
lowered to place on the foundation. This should have 
been carefully levelled up by using an engineer’s level, 
and then covered over with about an inch of soft Port- 
Yj land-cement mortar. The supports are then removed 

Z. and the lower ring, with the bottom attached, is care- 
fully lowered upon its cement bed. For the larger 
sizes the bottom must be held up at one or more points on the interior to prevent its sagging 
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too much. This is done by attaching permanent eyes to the bottom, by riveting and fasten- 
ing these to timbers across the top edge of the vertical sides. If the bottom were allowed to 
sag it would destroy the calking. 

To the bottom is usually attached the inlet and outlet pipe, which is commonly one and 
the same; but the details of this will not be discussed here. 

Man-holes are often placed in the lower side ring, but this is a source of weakness. It is 
better to arrange a blow-out pipe, with a gate-valve upon it, with many mouths uniformly dis- 
tributed over the bottom on the inside, all opening downward, and properly connected with 
the blow-out pipe. This should be not less than ten 
inches in diameter for a stand-pipe fifteen feet or 
over in diameter, and the bottom is cleaned by 
simply opening the valve. The rush of water out 
of these various mouths cleanses the entire bottom. 
Even though perfectly pure ground-water is pumped 
into the stand-pipe,a considerable amount of sedi- 
ment will collect at the bottom, which should be 
cleaned out occasionally. By the means here de- 
scribed it is not necessary to empty the stand-pipe 
to clean it. 

Top Angle.—To prevent the top from collapsing 
from the force of the wind, a strong angle iron, not 
iece than A x4 ‘should be riveted. to the top, 
either inside or outside. 

It is not wise to cover a stand-pipe where the 
winters are severe. A thick coating of ice forms 
upon the sides, which may become loosened as warm 
weather approaches, and if this is done suddenly, its 
buoyancy throws it with great force upwards. If at 
such a time the stand-pipe happens to be nearly full 
of water, this ice column may be forced many feet 
above the top. If a roof were provided, it would 
probably be torn off by such an action. 

463. Ornamentation.—There is probably no 
homelier engineering device than a plain steel stand- 
pipe. They are, however, sometimes made more 
offensive by ill-advised attempts at ornamentation 
There seems to be but one class of top ornaments 
to a stand-pipe which are appropriate. This is a com- 
bination of a cornice and a sort of top fencing or 
open fret-work. The cornice is not full-surfaced, but 
composed of plate disks, placed near together, which 
in profile give the desired curves. Fig. 430 is a view 
of the stand-pipe at Jefferson City, Mo.,* which has 
such an ornamentation as here described. The 
photographic view here shown was taken from a 
point too near to show the top to the best advan- 
tage. It is considered an ornament to the city by 
the citizens, and yet it cost but a few hundred 


Fic. 430. 


* Designed by Prof. Johnson, and erected in 1888. It stands on a prominent hil opposite the Capitol, and is 
visible to its base from most parts of the city. Its dimensions are 20 ft. X 125 ft. The top ornamental work is very 
inadequately shown in this cut which is a half-tone from a retouched photograph. 
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dollars to tanstrorm this from an eyesore into a pleasing monument. Since these struct- 
ures must of necessity constantly meet the public gaze, it is little short of a crime to make 


them standing embodiments of innate ugliness, 


ELEVATED TANKS. 


464. General Design.—Elevated tanks should always be made of steel plates, and 
should rest on a wrought-iron or steel trestle-tower. Wooden tanks are not sufficiently 
permanent, and masonry towers over forty feet high are unreliable. It is practically impossible 
to make a tall masonry (brick or stone) tower act as one monolithic mass. Its strength is 
always problematic, and depends so largely upon the character of the workmanship that the 
designer can never feel assured of its safety under the heavy loads which a large water storage- 
tank puts upon it. 

When we use a steel tank upon a trestle-tower, it is difficult to support a flat bottom and 
to distribute this load horizontally to the posts. It is much cheaper and more scientific to 
make this bottom either curved or conical.* It is more scientific to make them curved, and the 
most practical curve is the circle. The bottom should therefore be spherical, the segment 
used being somewhat less thana hemisphere. Such a bottom can be readily shaped by dishing 
the plates to a uniform curve under a steam-hammer. This increases the cost somewhat, but 
such a bottom is much cheaper than a flat bottom with its accompanying floor system. 

465. Design of the Tank.— The thickness of plates to use in the sides is given in Fig, 423. 
The thickness of the plates in a hemispherical bottom need be but little more than one half 
that of the bottom ring on the side. The computed stress on the bottom plate is only one 


half that in the sides of a cylinder subjected to the same internal stress, or it ee per linear 


inch, where # is the internal pressure per square inch, and is the radius of the bottom in inches. 
If a segmental bottom is used less than a full hemisphere, then 7 is larger here than for the 
shell, and the bottom plates must be correspondingly heavier. Allowing the same unit stress 
as was used for the sides, we have, for thickness of bottom plates, 


2 = O,0003K1 5 eee) GU ato ye eS 


where ¢ = thickness of bottom plates in inches; 
h = head of water in feet; 
vr = radius of bottom in feet. j 

In any case the bottom should not be less than ;% in. thick. 

Riveting.—The side riveting is subject to the same rules as given for stand-pipes. The 
bottom sheets should all be single riveted, since the stress on these joints is only about one 
half what it is in the side plates. The attachment of the bottom to the sides may be by 
a single or double row of rivets as preferred. The only distortion of the bottom which can 
occur, due toa fluctuation of height of water in the tank, is a vertical deflection of the whole 
bottom. The tendency for the diametral curve to change its shape, on account of its not 
being at all times the curve of equilibrium for that particular pressure, is fully resisted by the 
circumferential stress in the bottom plates. Even though the bottom were made conical, these 
plates would not become curved on a diametral section, the circumferential stress holding them 
to true conical surfaces. 

Concentration of the Load upon the Posts.—Fig. 433 illustrates the method of concentrating 
the load upon the columns. The bottom is here shown as segmental, and because this pro- 


duces an inward pull upon the shell at its attachment, two strong angle irons are placed here 
to resist this compressive stress. 


a . ' . . 5 > OS 

*JIn a thesis study by J. M. Raikes Univ. of Mich., 1896, the relative weights of steel in a tank 40 ft. diam. by 
40 ft. high were for flat bottom, with beams and girders, 120,000 Ibs.; conical bottom and circular girder, 94,200 lbs.; 
spherical bottom and circular girder, 77,100 lbs. “(The Technic, 1896.) ih 
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Let P = the compression produced in the shell at this circle by this action, in pounds; 
d@ = diameter of tank, in inches ; 


W = total weight of the water in the tank plus the weight of the bottom itself ; 
? = angle of bottom with the vertical at the attachment circle. 
Then we have 


P=—y tani-> =0.159W tan «. . eek e ° ° e ° ° (9) 


This is the total compression in the two anglesat A, The lower sheet of the shell is continu- 
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ous through the attachment joint at A to the bearings on the posts at B. Between A and B this 
sheet is stiffened by four angles, as shown in elevation and plan in Fig. 433. Between these 
angles and the top of the post a plate is inserted which reaches over to the curved bottomr 
and is there attached as shown. The top of the column is covered by another plate which is 
in turn supported’ by the ends of the column members and angle irons in some suitable 
manner, so as to distribute the load equally over the members composing the column. 

The Roof:—These tanks are not so high as to cause the ice to interfere with a roof, and 
hence they should be covered. The roof can also be made to add greatly to the appearance 
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of the tank, as shown by Figs. 431 and 432.* A curved pagoda roof will always make a better 
appearance than a conical or pyramidal form. 


* BR * ; 
Fig. 431 ie stom a design Diepared by Johnson and Flad, St. Louis, in 1890, for the western suburbs of that city. 
The tank shown in Fig. 432 was designed by Mr. Edw. Flad, C.E., M. Am. Soc. C.E., for Laredo, Tex. 
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Relative Dimensions —The more nearly the tank as a whole approaches the spherical 
form the cheaper it will be in proportion to its volume. It makes a better appearance, how- 
ever, if its height is about twice its diameter, as shown in Fig. 432. Here again the appearance 
should be a prominent and determining factor in preparing the design. 


466. The Trestle Tower.—For economy the trestle legs should be few in number. A 
heavy post, or column, is relatively more economical than a light one of the same length, 


because Z is less for the large post. The material also should be medium steel, or steel of 


from 62,000 to 70,000 lbs. tensile strength. This 
material is now so cheap that there is no longer 
any object in using cast-iron in columns for any pur- 
pose. The forms may be either Z bars or channels, 
whichever is found to be best adapted to the par- 
ticular details used. Probably two channels, turned 
with the plane sides out, and latticed on two sides, 
with tie-plates at the joints, as shown in Figs. 433 and 
434, will be found to serve every purpose. 

The smallest number of posts which is practi- 
cable is four. But four points of support under the 
tank “are not’ sufficient. Mr. Edw. Flad, C.E., has 
probably made the best solution of this problem, and 
it will be here described. He uses four posts, as 
shown in Fig. 432, and from each post extend two 
braces at top, thus giving twelve points of support 
under the tank. This is an excellent solution, and 
causes the structure to present a very satisfactory 
appearance, but it leads to somewhat complicated 
details where these brackets meet the posts and the 
tank. The details of these connections are shown in 
Fig. 433. The details of the connections for struts 
and ties are shown in Fig. 434. In this figure are 
also shown the details for the bases of the posts, the 
anchorages, and the ladder, which is attached to the 
outer side of one of the posts. These details were 
for a tank 4o feet high and 20 feet in diameter, z 
having a capacity of 85,000 gallons, and set on a £2! u 
trestle 80 feet high. , aot 

The roof has a wooden framing, set on iron 
brackets, as shown in Fig. 432. An air space 24 
inches high was left between the top of the tank and = 
the sheathing boards, which enables the tank to be 
entered. 

The inlet pipe is usually provided with a stuffing- ~ 
box to prevent any excessive stress coming on the Fic. 434. 
pipe itself. As 

467. Relative Cost of Stand-pipes and Elevator Tanks.—When the great saving in 
the foundation is taken into account, the elevated steel tank will, in nearly all cases, cost less 
than a stand-pipe of the same efficiency, and it is usually more ornamental, or at least less 
offensive. The foundation of a stand-pipe will cost about four times that of an elevated tank 
of equal capacity for service. If we may say that only the water above the height of 75 feet 
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from the ground is valuable to the city, then an elevated tank should always be built in place 
of a stand-pipe. When large quantities of water are to be stored above the height of fifty 
feet, then the elevated tank is more economical for equal quantities, and the greater the 
height at which the storage is required the greater is the economy in the tank design. The 
great objection to the use of tanks has been in the flat floors with which they have usually 


been provided. That objection is now removed by the designs for curved bottoms here pre- 
sented. Even conical bottoms 


may be used,* but they are 
not so scientific or so pleasing 
in appearance as the spherical 
forms. See Fig. 434a. 

An elevated tank should 
be carefully designed by a 
competent engineer, and work- 
ing drawings prepared. When 
so designed its safety is more 
secure than is possible in the 
case of a stand-pipe. A large 
proportion of the stand-pipes 
in this country have been de- 
signed by contractors and sales 
agents, and the legitimate re- 
sults of such designing are be- 
ing reached in the many fail- 
ures of such structures which 
are now occurring. 

468. Specification for 
Plate Material for Stand- 
pipes and Elevated Tanks. 
—The following clause, or its 
equivalent, should be inserted 
in all stand-pipe or elevated- 
tank specifications : 


The material composing the 
plates for the sides and bottom 
shall be soft steel (preferably open- 
hearth) having a tensile strength 
between 55,000 and 64,000 Ibs. per 
square inch; an elongation in eight 
inches of not less than twenty per 
cent, and a reduction of area at the 
broken section of not less than 
forty per cent. Specimens of any 
plate having a width not less than 
four times the thickness, when 

Fic. 434¢.—WATER-TOWER AT Ames, Iowa, heated to a cherry-red and 
Extreme height, 168 feet. Capacity, 162,000 gallons. Designed by Prof. A. Marston. quenched in water, shall bend cold 
through 180° about a diameter equal to its thickness, without showing any signs of failure whatever. 

This material is known amongst the dealers as “shell steel,” and since it costs perhaps 
a quarter of a cent a pound more than “ tank steel,” which is made by the Bessemer process 
and is liable to be very hard and brittle, the contractor is pretty sure to use the cheaper 
grade if special care is not taken to inspect the material and prove its character by actual tests. 


* See a design by Mr, Freeman C, Coffin, C.E., Engineering News, Mar. 16, 1893. 
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CHAPTER XXVIII. 
IRON AND STEEL TALL BUILDING CONSTRUCTION. 


469. Modern Building Construction.—The use of metal in the construction of large 
buildings has increased very rapidly in the last few years, until now the demand for structural 
steel for this purpose is a very considerable fraction of the whole output. A discussion of steel 
buildings or of steel construction in buildings becomes therefore increasingly important. It 
perhaps need hardly be said that an intelligent use of iron and steel in this field requires also 
a considerable knowledge of architecture, and more especially of the character of other building 
materials and of methods of using them. In general the same principles apply in this use of 
metal that apply in all other framed structures, but certain problems present themselves with 
much greater frequency and in vastly greater variety in building construction. It is the pur- 
pose of this chapter to discuss some of these, giving a few illustrations and suggestions that 
may assist the inexperienced to do intelligent work in this department. 

The use of steel to so great an extent in large buildings is producing a new type of con- 
struction, which has been very aptly termed the “steel skeleton type of high buildings.” The 
structural steel is used to make the frame of the building, and this frame should be strong 
enough to carry the loads and provide rigidity and lateral strength to the structure. The con- 
struction is typical in just the proportion that this is done and that the steel frame is relied on 
for strength. Several buildings have been constructed which are of this pure type. They have 
no supporting walls about them anywhere; the outside covering, of whatever material it may 
be—brick or terra cotta or stone—and all the interior partition walls, are carried on beams 
at each floor level and are self-supporting only one story in height; while all the weight of 
the building is carried on columns, arranged entirely apart from each other, but conveniently 
for the purpose. 

Between this pure type of structure and the old construction, in which all the strength of 
a building was in its heavy masonry walls, there is every degree~of the mixture of the two. 
Even some of the sixteen-story buildings of latest date have solid exterior walls of masonry, 
while the inside is steel construction. Oftentimes the necessities of adjoining buildings or 
the prejudices of owners require solid masonry party walls in what would be otherwise a steel 
structure of the purest type; but the same considerations govern the designing of the steel 
work in either case, and the use of the supportin;z walls only increases the variety of the 
problems to be solved. This characteristic feature of steel construction, that all loads, exterior 
and interior walls, floors, and partitions, are carried at each floor level by the frame and so 
taken into the columns, makes it necessary to calculate the weight of every part of the building 
and determine the proper dirstribution of all the loads among the columns. The columns are 
the most important element in the problem, and their sizes and sections must depend on these 
results. The foundations of the building’ may also depend on these loads, and especially so 
if the structure is to be carried ona yielding soil where the area of the footings must be 
proportioned to them. If the foundations are on solid rock or something equally as good, 
it may be sufficient that the columns simply reach their resting-place. The exact load on 
each bottom column is more important where piles are used to carry them, but it is most im: 
portant of all when recourse must be had to a broad bearing on a compressible soil. 
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470. The Work of Designing should proceed somewhat as follows: (1) Arrangement 
of columns ; (2) Arrangement of beams; (3) Calculation of loads on columns; (4) Dimensions 
of foundations ; (5) Design of spandrel sections; (6) Calculation of the sizes of all floor-beams 
not already fixed; (7) Dimensions of the columns; (8) Wind bracing; (9) General details of 
connections. 

This amount of work, with the drawings to represent it and specifications to cover it, are 
generally done at the expense of the architect, in his own office or by some consulting 
engineer. Each piece of iron in the structure should finally be drawn in complete detail, 
making what is known as a “shop drawing,” and this work is generally done at the expense of 
the contractor subject to the approval of the architect or of the consulting engineer. 


9 


471. Arrangement of Columns.—The arrangement of the columns in a building depends - 


first of all upon the plan and character of the structure. In most cases there will be certain 
points at which columns must be placed on account of the shape of the building, the interior 
arrangement of its rooms, its staircases, or its elevators, and regardless of constructional 
advantages or disadvantages. In planning the architectural features of a building, however, 
the construction ought to be kept constantly in mind and not made too subordinate, for the 
cost may be kept down and the strength and general good character of the framework may 
sometimes be greatly increased by very slight changes in construction, to permit which 
architectural features can be varied without detriment to the structure. A general scheme for 
the arrangement of the beams in the floors must also be borne in mind when the positions of 
the columns are fixed. The scheme should always be such that the floor loads will be taken 


as directly to the columns as possible. Very few rules will apply to all cases. Everything 


must vary with the necessities of the case. Even economy is often sacrificed to other con- 
siderations. If the building is a very high one, the bracing of the structure should also be 
considered at this time, for some of the columns must become a part of whatever system may 
be used. There is perhaps no part of the work of designing a building that is generally as 
little studied and yet on which so much depends regarding economy and strength and the 
general character of the work, as this one in particular, and none inwhicha large experience and 
a trained judgment count for more. The more completely the whole problem can be sized 
up in one full consideration of it, the more satisfactorily can the designer arrange his columns 
and at the same time plan in a general way the entire framework of the structure. 

472. Arrangement of Beams.—As soon as the position of the columns is determined, 
the position of all the beams in the floors should be fixed as exactly as possible. To do this 
it will be necessary to calculate the size of the principal ones—that is, those doing the most 
important service. 

In building lore the word “ girder” has come to mean a beam, either solid, rolled, or built 
up of plates and angles riveted together, which is used to support joists, and the word “beam ” 
is used to signify a joist. A “riveted girder” means a girder made of plates and angles. 
A “girder beam” means a girder made of a solid rolled beam. A ““spandrel beam ” is a 
common term for a beam carrying a portion of the exterior wall of a building. A “double 
girder ” signifies the use of two rolled beams in a girder. These expressions will be used with 
these meanings. 

It is not necessary at this time to calculate the size of the smaller or unimportant beams 
because the exact arrangement of the beams is needed at this juncture only to determine the 
true distribution of the floor load on the columns. The fewer connections between a load and 


the column which carries it, the better the construction ; therefore the girders should always 


connect the columns, if possible, and multiplicity of details in arrangement should be avoided. 
The arrangement of elevators and stairways and pipe spaces in large office buildings, and 
sometimes of the machinery, makes it impossible to get the ideal plan; but a studied effort 
in the right direction will often greatly simplify what at first seemed a necessarily complicated 
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design. The arrangement of the beams may be varied to some extent with the method 
of fire-proofing to be employed; so it is important to have a plan for the completion of the 
floor also in mind at this time. There are a good many schemes for fire-proof floors, but not 
very many in actual service. In many large buildings the floor framing is made regardless of 
the arrangement of partitions, in order that these may be arranged and rearranged from time 
to time to suit the taste of those who use the rooms, but in some buildings built for special 
uses few partitions are required, and in such cases, or where partitions are to be particularly 
heavy, it is best to arrange the framing so that a beam or girder will come directly under the 
load. 

In most large buildings the framing of many of the floors will be the same. A drawing 
should be made of this typical floor, and also drawings of those that differ from it ; they should 
be made as simple as possible. A small square or a circle is enough to show the position of 
the columns, and a single line is enough to show the position of the beams. Architectural 
draughtsmen depend much on reference to scale to get sizes and dimensions from 
their drawings. All drawings of metal construction should preferably be made to a 
scale; dependence should be placed however, entirely on figured dimensions, and _ all 
figures should be exact. There can be no approximations in iron-work. The distance 
between the centres of two beams is not adout 5 feet, it is exactly 5 feet 28 inches, and this 
exactness should be exercised on all zvon drawings. These plans should show the building 
lines, the centre lines of all columns and their relations to the centre lines of all beams and 
girders. When this is done and the general construction of the building is determined, then 
can begin the actual work of calculating the loads on the columns. 

473. Economy of Wide Spacing of Floor-beams.—In carrying the floor loads to 
the columns, which must always be done by the action of beams in some form, it is an evident 
economy to allow the floor material, whether composed of tile, concrete, or plank, to carry the 
distributed load as far as it can do so with safety. A stronger floor system can therefore be 
used with wider spacing between floor-beams. Since the strength of these beams increases in 
a general way with the square of their depth, it would be economical to place them farther 
apart, thus increasing the load on each beam, and using a greater depth. Since these beams 
are carried at their ends by girders resting on the columns, it is desirable also to so arrange 
them that the bending moment on these girders will be the least. This requires that there 
be an odd number of panels, or spaces between beams, on each girder. This brings two 
beams symmetrically on the middle portion, between which the bending moment is constant. 


EXAMPLE.—Take a floor space 20 x 24 feet, to be carried on columns at the corners. Assume two 
arrangements of beams: /7rs¢, seven beams (six panels) 20 feet long, resting on a plate girder 24 feet long. 
Second, four beams (three panels), supported in the same manner. In the one case the beams are 4 feet 
apart, and in the other case they are 8 feet apart.* Assume a total unit loading, dead and live, of 180 lbs. 
per square foot. 

first Case. 


The bending moment on the beams (counting one outside beam, and one of the girders, each fully 
loaded as though other similar areas of floor space surrounded this one on all sides) would be 
Ai 180 X 20! X 20 

8 
fibre stress of 16,000 lbs. per square inch. 

The bending moment on the girder would be 259,200 ft.-lbs. If it have a total depth of 30 inches, with 
three eighths web and4 x4 x #” angles, the fibre stress will be again 16,000 lbs. per square inch, one 
sixth of the area of the web being added to the effective area of the angles to give total flange area. The 
weight of this beam would be 78 Ibs. per foot, or 1872 Ibs, for the 24-foot girder. Counting six beams and 
one girder as belonging to this elementary area, we have a total weight of 5200 lbs. 

If two rolled beams be used in place of the plate girder, it would require 15-inch beams weighing 72 lbs, 


= 36,000 ft.-lbs. This would take a ten-inch beam weighing 27.75 lbs. per foot for a 


* A concrete arch will readily span 8 feet. 
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per foot, or 3456 lbs. for the two beams to act as one girder. When these are used the total weight of iron 
to carry this area with four-foot spacing of beams would be 6790 lbs. 


Second Case. 


Here the beams are placed 8 feet apart. The bending moment in each beam would be 72,000 lbs., re- 
quiring a 15-inch beam weighing 41 lbs. per foot for a fibre stress of 16,000 lbs. per square inch. 

There’ are now but two beams upon the girders, giving a bending moment of 230,400 ft.-lbs., which 
would require a plate girder 30 inches deep, $-inch web, and 4” x 33” x 8” angles, the whole weighing 74 
Ibs. per foot, or 1776 lbs. for the girder. 

If two I beams were used, as before, it would require 15-inch beams weighing 60.5 Ibs. per foot, or 


2904 lbs. for the two beams composing the girder. 
In this case, therefore, we have three beams weighing 2460 lbs., which with the plate girder make a 


total of 4236 lbs., or with the double girder 5364 lbs. 

Thus when the 30-inch plate girders are used, the weight of iron for the 4-foot spacing is 5200 lbs., as 
against 4236 lbs. for the 8-foot spacing, or a saving of 18.5 per cent of the iron used in the floor system with 
4-foot spacing. 

When the double 15-inch girders are used, we have a total weight of 6790 lbs. for the 4-foot spacing, as 
against 5364 lbs. for the 8-foot spacing, or a saving of 21 per cent of the iron in the floor system for the 
4-foot spacing. These are the percentages of saving made by using 8-foot instead of 4-foot spacing. The 
weights of I beams have been taken exactly those required for the given bending moments in all cases, as this 
is necessary to obtain a fair comparison of weights from a single example. 

If the flooring for the 8-foot spacing is more expensive than that for 4 feet, an allowance can be made 
for this and the final net saving, due to the wider spacing, computed. 


474. Calculation of Column Loads.—The column loads should be divided into two 
classes, dead loads and live loads. The actual permanent weight of the structure itself makes 
the dead load; and the estimated weight of the people that will at any time enter the build- 
ing, together with furniture, movables, stocks of goods, etc., make the live load. If machinery 
is permanently fixed, it should be counted as dead load ; if it is movable, it is usually rated as 
live load. 

Dead loads may generally be divided as follows: 


Weight of (1) Floors; 

(2) Partitions ; 

(3) Vaults ; 

(4) Metal Columns; 

(5) Column Coverings; 

(6) Exterior Walls; 

(7) Windows; 

(8) Elevators ; 

(9) Permanent Machinery ; 
(10) Water Tanks; 
(11) Plumbing and Heating Fixtures. 


The weight of floors is usually reckoned by the square foot. The number of feet sup-~ 
ported by each column should be determined, and this amount multiplied by the weight per 
foot gives the desired figure. The accuracy of the work depends very greatly upon this 
distribution of supported areas. If the floor plan is extremely simple, this may be done very 
easily and sometimes by simple observation, but in most plans there is somewhere a com- 
plication or irregularity, and the safest way is to figure the areas directly on a copy of the floor 
plans. There are several ways in which this can be done. The whole area may be divided 
into rectangles cornering at the columns. Each of these rectangles can then be subdivided 
and the number of square feet in each part can be noted on thé drawing next the column to 
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which that particular part is tributary. It may be done also by computing the area carried by 
each individual beam, then the exact reactions of both the beams and the girders, keeping all 
the results in square feet. Either of these or other methods may require considerable figur- 
ing where the floor plan is very irregular, but the results can be made always definite and 
accurate. Supported column areas should never be estimated or guessed at. 

The weight of the floor per square foot also should be determined as closely as possible 
Practice differs considerably in different cities, and somewhat among different architects in the 
same city. The most approved floor in Chicago, where this construction has perhaps reached 
its greatest development, is shown in Fig. 435. 


ere 
S PLASTER 


In this construction the floor weight is made up of the following items: Iron, tile arch, 
concrete filling, plastering, and wood floor. The iron consists of the beams, tie-rods, girders, 
connections, etc., which may be averaged per square foot. In ordinary floors it will be from 8 
to 12 pounds. It may be easily figured from the floor plans so that it will not vary more than 
a fraction of a pound. The depth of the concrete should be known, also the weight of it. A 
concrete made of cinders and lime and a small amount of cement is one of the lightest and 
best for this purpose. Such a concrete weighs about 72 lbs. per cubic foot. Partitions should 
be of some entirely fire-proof material, light and easy to put in place. Partitions in office 
buildings, hotels, etc., should be built after the floor is laid and at least the first coat of plaster 
ison. Then they can be taken down and rebuilt in other places without leaving any per- 
manent marks of the change. Where they are built in this way, it is best to calculate the 
entire weight of the partitions on a floor and find the average per square foot. In such cases 
this average can be included in the floor load. In most buildings it will not be greatly in 
error. If the partitions are sure to be permanent and the location is already fixed, a separate 
distribution of their weight is of course possible and preferable. The thickness of the plaster 
may be kept quite uniform by making it true to the woodwork about the doors, and the 
weight of the partition stuff, together with the weight of the plaster, will make up the whole 
weight of the partition. Doors can be calculated, or sample ones can be actually weighed and 
averaged. The common vaults in office buildings are only very small rooms with iron doors 
and combination locks. In such cases their weight may be lumped with that of the partitions. 
Bank vaults are made of solid brick walls steel lined, and they must have special treatment. 
The weight of the column itself will have to be estimated to some extent, but experience can 
make a very accurate estimate possible. The column covering consists of the fire-proofing, 
generally some kind of tile, and the finish, which is usually plaster, but sometimes marble or 
other material. The calculation of the weight of the exterior walls involves additional 
problems in reactions. The “ curtain wall” is that part of the exterior wall extending from 
the line of the window cap of one story to the line of the window sill of the next story above. 
This part of the wall is an evenly distributed load on the spandrel beam, while the rest of it is 
cut up into separate concentrated loads which may or may not be symmetrical about column 
centres. Exterior walls are made of brick, terra cotta, stone, tile, metal, or combinations of 
these materials. The only way to find the correct weight, of course, is to know exactly what 
is to be used and just how, so that cubic contents can be figured. The floor construction 
sometimes projects into the curtain walls. In such cases care must be used to insure that 
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this portion of floor is not put in as part of the wall. The weight of windows must be doubled 
to allow for counter-weights. All the other dead loads are single, and most of them occur 
only on special floors. 

The live loads used in buildings vary from almost nothing to 300 or 400 Ibs. per square 
foot. The beams should be calculated to carry the whole of the unit taken, but in many cases 
it is wise to reduce the rate in figuring the girders and the loads on the columns. The live load 
taken on columns in office buildings vary from 20 to 50 lbs. per square foot of floor ; sleeping- 
rooms in hotels do not require more than 10 to 20 lbs., while 60 to 80 lbs. per square foot 
ought to be allowed for floors where people may assemble in crowds, and warehouses some- 
times require very much more. This, of course, is in addition to the dead loads. These 
loads must be figured for every floor, and tabulated so that the accumulated load can be de- 
termined for any particular column in any particular story. When the work is completed, 
the column loads are not only at hand, but the loads on the foundations can also be easily 
determined from the schedule. 

475. Dimensions of the Foundations.—A general discussion of foundations is not here 
intended, but steel has been used so much in foundations that bear on a yielding strata, that 
such foundations seem almost a part of the steel construction of buildings. Most of the great 
buildings in Chicago have foundations resting on soft clay. In order to secure an equal settle- 
ment in those buildings, it is generally advisable to omit the live (temporary) load entirely, 
and then the basement column load minus the live load and plus the weight of the founda- 
tion itself will equal the permanent load on the clay. 

Figs. 436 and 437 show a plan and section of such a foundation. The area covered is 
always in proportion, or should be, to this load on the clay. The following formula may be 
found useful in calculating the beams. 


Let y = the width of the projecting area ; 
P = total load on the top, 
= total reaction at the bottom; 
@ = the length of distribution of the load at the top; 
M = maximum bending moment. 


The use of a cast base under a column as shown in Fig. 436 has several advantages and 
is generally economical. These bases are made strong enough to carry the entire load on 
their perimeters, and in such cases the maximum bending moment in the beams comes at the 
edge of the base-plate. The length of the beam = 2y + a, and the total reaction of the pro- 


ciara P. : cue? 
necting aréa = J 7 and this multiplied by one half the width of the projecting area is the 


bending moment at the edge of the plate or 
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Either 17 or y may be the unknown quantity. 
In the case shown in Figs. 436 and 437, in the top course 


P= 23227 odbse 
a= He (es : 
y = 0 43"; 


and these introduced into the formula make Y= 1,452,760 ft.-lbs. 
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If the base-plate is only strong enough to uniformly distribute the load over the area @, 
the maximum bending moment in the beams is at the centre, and then if /= the length of 
the beam, 


M=E0-a). 2. ee ee ee ee @ 


It will be seen by computation and comparison that this condition will increase the weight 
of metal required in the top layer in the example given about 35 per cent. 

The Moment of Resistance, %,, in foot-pounds, for any given beam may be obtained as 
follows: 


Let f = ultimate allowable fibre strain per square inch; 
{f= moment of inertia, in inch units ; 
y = one half the depth of the beam in inches. 
Then from, Eq.) Artai25, 


Bae 
M, — 12 9,’ . ° e ° . e ° e e ° e ° (2a) 


The value of 7 for any beam is always given by the manufacturer of it in some published 
book or list. The fibre stress, 4, for foundation work is usually taken at 20,000 lbs. per square 
inch. Steel rails are sometimes used instead of beams, but are not often stressed as high. 
Sometimes these foundations are more than two layers of steel deep. Theoretically the sum 
of the moments of resistance of all the beams in one direction should equal the bending 
moment as given in eq. (1), irrespective of the number of layers. In practice, however, where 
there are more than two layers, so much steel is hardly needed. The beams are always bedded 
completely in Portland-cement concrete, and the friction of the beams on the cross-layers, 
together with the adhesion of cement and iron, tend to unite the whole into a sort of com- 
pound beam, the total moment of resistance of which is much greater than the sum of the 
moments of the separate beams. 

Two or more of these footings are often combined into a single one where the area can 
only be obtained in that way, or for other reasons. Fig. 438 shows an elevation sketch of such 
a combined footing. The centre of gravity of such areas should coincide with the centre of 
gravity of the loads. 
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To find the maximum bending moment on the long beams we are obliged to compute 
three moments and compare them. In Chapter VIII it was shown that the bending moment 
is a maximum where the shear is zero. In this case there are three such sections, and it will 
be necessary to compute the moment at each one to find which is the greatest. The moments 
under the columns will be positive, causing convexity downwards, while that at the centre is 
negative. 
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To find the distance from the left end to the centre of gravity of the loads, we have, Fig, 
438, 


Pat+ P'(d+é 
De ee NN wo RG) 


Jf the area is rectangular, this gives the centre of it. If it is trapezoidal, its centre of gravity 
must be at this point. 
tA tae ae ee at . 
1 2 sda = ~= a ale p a ye aon Fig. 438, then to find the distance from the left 
end of the bottom beams to the sections where the shear is zero, these distances being called 
@,, @,, and d, respectively, we have 


dp! =(d,—m)p, or a= cat ot ee 7G) 


a, = P, a= 79 oat ee 8 ee Be Cl Oe OO ern 6, 8. 6) 8, 1 Ou. Cue le 


dp = P+ (d,—(m+a+n)] p’, or g,= Cte eae aan (>) 


The bending moments at these points are readily found by taking the moments of the external 


forces on one side of the point about that point. Thus the bending moment at the first max- 
imum point is 


Bie ae dies 


2 2 e e e e e e e e e e e e e (7) 

a, 
m, = P(a-%), 0 ese Cie Oy 6) 6.0) 6. 100 16) 676. Peres (8) 
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In general J, will be small, except where P and P’ are near the ends of the beams, and 
the maximum moment will usually be either M7, or M,, whichever is the heavier load. 

If the cast bases are strong enough to carry the loads on their perimeters, and the long 
beams are in the top course, the values of JZ, and MW, may be reduced; M,, however, would 
not be changed. 

The problems of this class are sometimes exceedingly complex, as when foundations can- 
not extend beyond the lot line, or when a sewer or other obstruction is encountered, and the 
study of economy in designing offers a wide field of investigation along this line. Sometimes 
it happens that the clay loads are so great and the limits so narrow that it is impossible to find 
area enough without overloading the clay. In such cases either the dead load of the building 
must be lightened or the columns must be rearranged. In either case much of the work 
already done must be done again. 

476. Design of Spandrel Sections.—The term “spandrel section” commonly means a ver- 
tical cross-section through the exterior wall of a building, showing the construction between the 
top of one window and the bottom of the next one above it. In most cases the spandrel beam 
must carry the floor and support the wall. In order to intelligently design the iron in 
a spandrel section, it is quite necessary to have the floor plan already arranged, and to know 
exactly how the wall is to be built. The architectural work proper must be practically fin- 
ished. Cornice lines, reveals, projections, the dimensions of terra cotta or stone trimmings, 
the relative heights of window caps and floor lines, the exact position of the wall lines in the 
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rooms both above and below, and in fact all the exact data pertaining to the construction, are 
needed to design the iron in the best possible manner. The iron must not only not be exposed 
anywhere, but it should be far enough from the lines of exposure on all sides to be thoroughly 
fire-proof. No part of a building is more exposed to a great heat in case of fire than this, for 
window openings become draft-holes, through which the flames can play with greatest fury. 
The iron must also not only be strong enough to carry the load, but it must be so arranged 
that both the wall and the floor shall be fully supported. 

If the floor arch rests directly on the spandrel, either the bottom flange of the beam must 
be on the same level as the floor-beams, or an angle must be riveted to the web of the beam, 
as shown in Figs. 439 and 440. When the spandrel beam serves as a girder, it can be placed 
as high or as low as desired. This is illustrated in Figs. 441 and 442. Terra cotta is used to a 


Fic. 441. 


very great extent outside asa finishing material in this type of construction. It is used for the 
entire outside finish, or it is used for window caps and sills and in various other ways in con- 
nection with pressed brick. The proper idea is to get the iron as well under the terra cotta as 
possible, and where that cannot be done, to arrange the iron so that the bottom course in each 
spandrel can be readily suspended. Fig. 439 shows such construction. The terra-cotta blocks 
making the window cap are drawn into position close against the iron-work with hook bolts, 
so that each has its own support. The next piece is anchored with slight iron rods in position 
with one edge resting on the horizontal flange of an angle, so that none of its weight comes on 
the suspended blocks. Fig. 440 shows another construction where the reveal is less and the 
window cap is notched so as to ride directly on the flange of the Z bar. Care should be 
exercised in all cases to make the connections in some way that will prevent these angles and, 
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Z bars, or aint other iron that may be used for the purpose, from deflecting or twisting so as to 
crack the wall after all the work is done. Such cracking may not endanger the construction 
in any way, but it will be sure to mar the appearance of the building, and it can be entirely 
avoided. Brick can be used without terra cotta by turning a flat arch fora window cap and 
taking all the load above it directly on the iron or, indeed, by suspending the brick directly 
over the window, in which case special brick are required. When stone window caps are 
used, they can also be carried directly on the iron, but more generally the window cap itself is 
made self-supporting, and the load above is taken on the iron, as shown in Fig. 44I. Where 
the distance between columns is very great the beams should not be strained as high as usual 
on account of deflection, and for the same reason deep beams are preferable to shallow ones. 
Deflection should be kept at a minimum in all spandrel work, 
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In calculating the loads, that part of the wall between the lower line of the window cap 
and the top line of the window sill next above is almost always evenly distributed. The 
mullions between the windows and the windows themselves sometimes must be treated as 
separate loads, while the floor loads coming on these beams may come under either class. 

477. Calculation of Beams.—The best method of determining the size of beams is that of 
moments. To use this method readily it is necessary to have a table showing the values of 
M, for each section of beam which there is any possibility of using. Such a table can easily 
be made, using formula (2) for the calculations. The value of is usually taken at 16,000 lbs. 

Determine the bending moment of each beam, taking all distances in feet, then select a 
beam from the table whose moment of resistance is not less than the calculated bending 
moment. This method of work would be understood anywhere, and is applicable to all cases 
that can possibly occur. 

Dimensions of Columns.—In actual practice the treatment of columns varies 
greatly. This is mostly due to the following circumstances: The formulz for the strength of 
columns do not agree. The underlying principles seem to be sufficiently established, but every 
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authority has his own treatment of them, his own form of expression and his own nomencla- 
ture. To some extent, also, they are empirical, containing factors entirely dependent upon 
the results of actual tests, and these have given rise to further differences. All common 
formule are based on a condition of ideal loading which cannot always be obtained in build- 
ing construction ; indeed, it would be nearer the truth to say it is rarely obtained. There is 
also a lack of full-sized tests right along the line of these irregularities of loading. The tests 
that have been made are not full enough to properly show the relative value of the different 
sections in use, and are not conveniently available to the profession at large. All this helps 
to explain the lack of uniformity in the estimate of column sections and methods of calculat- 
ing them. 

In the treatment of columns given in Chapter IX three kinds of compressive stresses are 
pointed out to which the concave side of the bent column is subjected: that uniformly dis- 
tributed over the section, that due to eccentric loading, and that due to the flexure. In the 
derived formule the second of these elements is omitted because there can be no eccentricity 
in ideal loading, and so it is in Gordon’s formula, and all the others that have been derived 
from it or based upon it. In building construction this second element must not be omitted. 
The metal of one column should be directly over the metal of the column below, continuously 
through the entire height of the building, and this necessitates the application of the loads on 
the sides of the columns. If the loads are equal and are on opposite sides of the column, 
the effect of the eccentricity is neutralized, otherwise it increases the stress on the side of 
the column on which the greater load is applied. Owing to the short length of most of the 
columns used in this construction, and to the fact that the ends are flat bearing, the value of 


Z\" lana : 
() is so small that it gives the third of these elements the least importance. In the base- 
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ment columns of a sixteen-story building the value of the term a) in equation (1) of 
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Chapter IX is about .022, while the value of the second term, a is quite commonly as much 
as .07, and often considerably more. In the smallest columns at the top of the building the 
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value of the tern? Bi | , owing to the reduced section, is about 0.220, while 0.6 or 0.7 
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would not be an unusual value for the term ee which in these smallest columns occasion- 
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ally doubles the section. These figures are taken from examples at hand. They show 
first that the important effects of eccentricity of loading increase rapidly as the section of the 
column decreases, and that the importance of this element in columns thus eccentrically 
loaded is three or more times: as great as that of the element dependent upon the flexure of 
the column. These effects are entirely independent of the character of the column, varying 
of course in values with different kinds of columns, but always true when the loading is as 
irregular and eccentric as the architecture of modern sixteen- and twenty-story buildings 
necessitates. 

Mr. James Christie in his report of tests made at Pencoyd Iron Works, in a paper read 
before the American Society of Civil Engineers in 1883, says: “‘ Very minute changes in the 
position of the centre of pressure produces greater differences in the resistance of the bars 
than was anticipated.”” And in another place he says: “For reasons not always evident, 
occasional results were obtained either abnormally high or low, as will be found illustrated 
on the diagrams; but there is little doubt that the principal cause of low resistance was 
eccentricity of axes, or non-coincidence between the centre of pressure and the axis of great- 
est resistance of the specimen.” These tests were made on small bars, but the results would 
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hold equally good on sections and conditions found in practice. All that we have in actual 
experiment bears out this theory that seems too well founded for question. 

There are two other factors having a very practical bearing on the strength of columns, 
neither of which are accounted for in this discussion and application of equation (1) of Chap- 
ter IX. One of these is contained in the form of the sections used, and in the manner in 
which they are fastened together; the other concerns imperfections in workmanship and 
material. Both of these factors are alike empirical, and no function expressing these condi- 
tions enters into any of the column formule arranged for possible practical use. They are, 
however, unlike in this important feature. The imperfections of workmanship and materials 
do not differ greatly with different kinds of columns, but rather with different shops and 
mills, and the only way to guard against them is to employ the best service and in close and 
careful inspection. On the other hand, the form of the sections used and the manner in 

‘which they are put together is a factor of strength or weakness peculiar to each kind of 
column manufactured, and is an important feature in any comparison of the strength of dif- 
ferent kinds of columns. 

By “the form of the section” is meant, not its capacity to produce in the finished column 
a large moment of inertia for the actual area, but the possible assistance that the different 
parts of the section may afford each other in general stiffness. We have no scientific discus- 
sion of this feature as it applies to the strength of columns, no function of the form of the 
sections independent of their position, nor of effects of multiplied punching and riveting in 
any column formula, and no adequate comparative tests that can establish the relative merits 
or demerits of different sections in this respect even empirically. There is testimony to the 
fact that it is an important consideration, though sometimes authorities do not agree as to 
the facts involved. For example, in a book published by the Phoenix Iron Company they 
criticise the Z-bar columns because “their thin unsupported flanges, flaring out at extreme 
points, are much to be deprecated, owing to their inherent tendency to buckling,” while Mr. 
Strobel in his discussion of the same column in a paper before the American Society of Civil 
Engineers says: “It will be seen that the Z-iron columns compare favorably with other 
columns in ultimate resistance. The values obtained are near approximations to the Water- 
town results with Phoenix columns, and exceed those heretofore obtained with other types of 
columns. This favorable showing for the Z-iron columns should probably be attributed to 
the fact that the material in the outer periphery of the cross-section, on which dependence 
must be placed to hold the column in line, is not weakened by rivet-holes, but is left solid 
and unbroken, and is therefore in best shape to do its work effectively.” * Each of these 
arguments, one for the strength of the column and one for its weakness, is based on the con- 
ditions concerned in this consideration of the column. 
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Fig. 443 shows the sections of the columns in common use in building construction. In 
practice it often occurs that columns must be calculated rapidly, and it is important to curtail 
the work as much as possible. Some of these column types are manufactured as a specialty. 
In such cases the manufacturers have a working formula for the strength of the columns, and 
a table showing the safe concentric loads for columns of different sizes. These formule and 


* These columns were made of iron which showed very high elastic limits in the specimen tests. — J. Bay); 
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tables may be relied upon as conservative, They are made for the use of unprofessional 
men, and it must be remembered that they are for concentric loads only, that is to say, they 
represent only the first and third elements of equation (1) before referred to, with possibly an 
empirical factor supposed to cover the conditions of form and riveting, etc., peculiar to the 
column. If a proper allowance is made for the bending moment arising from the eccentric 
loading, and moderately heavy sections are used with skilful detailing, there seems to be no 
good reason why columns for most buildings should not be subjected to a higher unit stress 
than is usually given by these formule and tables. The moment due to the eccentric load. 
ing may be provided for as follows: Multiply the eccentric load by the distance from the 
point of its application to the centre of the column; the result is the bending moment due to 


2 
the eccentric load. Then from the formula Ven ag 2 or = MI, 
Se I bi 
area of section required to resist the bending moment. 
In designing short columns, as used for buildings, select a maximum working stress on 
the extreme fibres of the column, on the side of the eccentric load, and neglect all bending of 


the column for such working loads. We then have, for both concentric and eccentric loads, 


, we find the 
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where A = total area of column; P= total load on column, both eccentric and concentric; 
f = maximum working stress in Ibs. per sq. in.; JJ = bending moment from eccentric load — 
Pw (where P,= eccentric load, and v = distance of eccentric load from axis of column); 


: v 
J, = distance of extreme fibre on loaded side from neutral plane of column, and = —: 7 = 
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radius of gyration of cross-section of column in direction of eccentric load. But for Z-bar 


columns and for most of the iron and steel forms a = 1.73. If wv be found in terms of y, we 
My, Poy, _ kP Ay’ ratte di oy 
may write v = &y,; hence oP = ra ap ia - Butsince = 1.73,(2) = 3.0, hence our 


equation becomes 
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This is an exceedingly simple formula and readily applied. 

479. Wind Bracing.—Buildings are always subject to lateral strains from wind forces. 
But little attention has been paid to this fact heretofore, and really there has been little need. 
If a building of unusual height was proposed, an extra wall was put into it, but otherwise the 
lateral strength of the exterior walls and the ordinary partitions have almost always been 
quite sufficient to resist these forces. Where buildings have been blown down it has gener- 
ally been shown that there was a reckless want of care in the construction where only a little 
care was needed. Steel buildings, however, are built to such great heights, and are so desti- 
tute of these ordinary means of resisting wind forces, that it is necessary to give the subject 
much more serious consideration and to brace the steel frames so that the strength of the 
buildings in this respect shall be assured. This can be done in a variety of ways; but the 
arrangement of the rooms, the architectural features, and other requirements prescribe so 
sreatly that the designer will probably be left with but one way, and be very glad that he has 
that one. 

The bracing, whatever it is, must of course be vertical, reaching down to some solid con- 
nection at the ground. It should also be arranged in some regular symmetrical relation to 
the outlines of the building. For example, if the building is narrow and is braced crosswise 
with one system of bracing, that system should be midway between the ends of the buildings, 
and if two systems are used they should be equidistant from the ends, the exact distance 


* This formula was added by Prof. Johnson in the fourth edition of this work. 
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being unimportant, because the floors, when finished, are extremely rigid. The ae 
arrangement is necessary to secure an equal service of the systems and prevent any tendency 
to twist. 


Ee 


Fic. 444. 


Fig. 444 shows in outline several ways in which such a system of bracing may be con- 
structed. Horizontal lines indicate floors, and vertical lines indicate columns. It is obvious 
that both the horizontal iron-work and the columns must do a good part of the work, and 
that each arrangement must have its own treatment and must create stresses unlike those 
created by the other systems. The loads, however, will be the same. If one system is used, 
the length of the building, that is, the width of the side perpendicular to the direction of the 
bracing, multiplied by the distance between floors half-way below and half-way above, will 
equal the exposed area tributary to each panel point, and this multiplied by the force per 
square foot will equal the horizontal external force applied at each panel point. Then the 
total shear at any point will equal the sum of all the external forces at and above the point 
taken. These shears may be reduced in actual practice on several accounts, and if such 
reduction is made it is well to make it at this point in the computations. The weight of the 
building affords some resistance, and in most cases is worth taking into account. Most 
buildings are filled with tile or some other sort of partitions, and when these are really 
constructed and their continuance is assured, there is no good reason why we should not rely 
also on them to some extent. There is also some resistance to lateral strains in the connec- 
tion of the beams to the columns where they are well riveted. Some of these considerations 
will admit of calculation; but in using them much must depend on the experience and judg- 
ment of the engineer. : 

The simplest form of bracing is that marked a in Fig. 444. In Fig. 445, which is the 
same thing, =the load or shear directly tributary to that panel point; A =the sum of 
the loads or shears tributary to all the points above, or, in other words, the horizontal com: 
ponent of the stress in rod 7; E = vertical component of the stress in rod 7; D'=accumwe 
lated vertical wind loads in the column next above column 2. 


Then A-+ &= the horizontal load on rod s; 


(A + B)b , 
"~~ = vertical component of the stress in rod s. 


The compressive stress in any horizontal strut must equal d+ B. The load on any 
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column 2 must equal jpya e a ay -,and this wind load must be added to all the other regular 
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loads on the column. It must also be noted that gl is an eccentric load, the length of 


arm being the distance from the bearing or point of Deere at the end of the horizontal 
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FIG. 445. 


strut to the axis of the column. If this connection is to the axis of the column itself, or if 
the rods connect directly to the centre of the column, the eccentricity is reduced to zero and 
the eccentric load becomes a direct load the same as D. Re 

The regular load carried by column I resists the upward vertical component of the stress 
in rods, connected at the bottom of the column, and the same is true at every other connec- 
tion to this tier of columns. The dead load in Soin 1 is reduced the full amount of the 


ato 


; and when this amount exceeds 


total compression for wind in column 2, that is, joie 


the dead load in column 1 there must be tension in the seers of the column to the next 
one below, a condition which is not provided for and which in any ordinary case should not 
be allowed to occur. The horizontal shears puliplice by the secants will give the stresses in 
the rods the same as in a truss. 

The arrangement marked 6 in Fig. 444 is a slight variation of that marked a. The 
arrangement marked ¢ consists of a system of portals one above the other. This is shown 
more definitely in Fig. 446. 

A = accumulated force or horizontal shear from wind at the floor next above floor 
MM, applied one half on one side and one half on the other ; 


B = the force of the wind or shear directly tributary to floor W; 
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D =the accumulated vertical wind load in the column next above column 2; 
A, B, D = the total exterior forces acting on the portal, then 
I : A 
(Ab + Bo — Be)— =: vertical resistance due to A and B; 
A+B h 
2S = horizontal reactions due to A and 4. 


In column 2 the vertical column load due to the wind must be added to the regular load 
of the column the same as in the arrangement shown in Fig. 445. The load D and its equal 
reaction, being directly applied along the same straight line, may be omitted from considera- 
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tion in discussing the strength required in the bracing, as may also the negative effects equal 
to D which occur in column 1, the same as in the case shown in Fig. 445. 
The horizontal shear along the line vv = A + B&B. 
The horizontal shear in either leg below the line vy = 4(A + B). 
(Ad + Bb — Be) 
* : 

The thickness of the web plates must be determined by these shears. It will be noted 
that the connection to the columns must be equal to the whole vertical shear. The direct 
compression in the flange S= 3S. Taking moments about the point of intersection of flange r 
with the line wz, it will be found that the sum of the moments equals zero, that is, that there 
is no bending moment in the portal on the line ww, and that flange ¢ is not strained at this 
point. For maximum stress in flange ¢ take a point f in flange 7, distant x from the line ww 
and at right angles to any given section of the flange ¢; then + times the vertical shear divided 


The vertical shear on all vertical planes = 


by y =the stress at the section taken, and this is maximum when ~ has its greatest value 
5 F 


The leg of the portal including column 2 might be also taken as a cantilever with two forces 
AtB (Ab+ Bb — Bc) 
aia 

2 a 
acting as a tension chord. Take a point in the centre of the column, distant +, from the 


acting on it, 


, with flange ¢ in compression and the column itself 


bottom of the leg and at right angles to any given section in flange ¢; then re =) the 
2 


1 


strain in flange ¢, and this is maximum when a has its greatest value, There is a slight error 
/ 1 
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in this treatment, but it is on the side of safety. If flange ¢ has a section proportioned to 
these maximum stresses, the requirements will be fulfilled. 

The stress and area required in flange 7 can be obtained in a similar manner. The con- 
nections of the portal above this flange to the portal and column above must be equal to 44 
at each leg. 

The arrangement marked d in Fig. 444, if used at all, would probably be made to include 
more than two columns, and the stresses would vary greatly with the number of columns 
included in the system. It is not an economical method of stiffening a structure, as it pro- 
duces heavy bending moments in both the horizontal struts and in the columns themselves. 
Methods a and 4, on the other hand, if connections are properly made, do not cause any 
bending in the columns or in the lateral struts. 

480. Details.—In many buildings, owing to irregular lines or to an elaborate exterior, the 
details of the construction are difficult and complicated. Many architects also have but little 
knowledge of the practical ways of connecting and working metal in the shop, and the result 
is that otherwise good frames are often decidedly weak in connections and details. It is there. 
fore very important that the general drawings and spccifications should cover all these points. 

Beams fitting into beams should have an eighth of an inch clearance at each end. 
Standard connections, when the manufacturers of the beams have any, should be used 
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wherever they can be conveniently. Care should always be exercised to see that the flanges 
are not weakened by rivet-holes. The common connection of a beam toa column requires 
two rivets in each flange. These rivets should attach to a lug directly connected to the 
column itself by an equal number of rivets. As good a connection, and in some ways a better 
one, is to put all four rivets in the bottom flange and fill the clearance space between the 
beam and the column at the top of the beam with iron wedges tightly driven. When the 
columns are cut off under the beams so that the latter can rest on the cap-plate of the column 


below, this cap-plate should not be used asalug. The supports of brackets in bay-windows 
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and under a heavy cornice needs especial care. These should be made as parts of beams 
wherever possible. Fig. 447 shows such a connection. When attached as shown in this case, 
the beam marked A may be calculated as though it were one continuous beam to the end of 
the bracket. If the bracket were attached only to the beam marked J, the latter would twist 
to some extent, and a very little yielding on the part of the beam in this way would make the 
vertical deflection of the bracket relatively large. This would certainly be an injury to the 
building. All beams carrying floor arches should be provided with tie-rods to counteract the 
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thrust of the arch. Double beams should always be provided with separators to equali 
the load. Connections in high buildings, wherever possible, should be riveted ee 
Columns should be connected to each other through the cap-plates by foutiat more rivet 
This should be independent of the attachment of the columns through the beam age a 
tions. Columns should be milled at each end, smooth, and at right angles to their axe ada 
the use of sheets of lead or of any other material under one side of oF column, to male 
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plumb, is exceedingly bad. The shop-work should be déne so well that the need for such 
adjustments should not be felt. 

Details of connections in wind bracing are exceedingly important, as it is very easy to 
destroy the efficiency of any system by a single faulty connection. It is difficult to describe 
exactly what these details should be, for the requirements vary greatly in different buildings. 
To properly detail the work it is as necessary to have a perfect understanding of the outward 
forces and the manner in which they must be resisted, as it is to calculate the sections 
required. This may be illustrated in the connection of the struts to the columns in that 
system of bracing marked ain Fig. 444. The strut need not be connected to the column 
to resist horizontal forces, for there is no force tending to tear the strut away from the 
column in this direction. The force to be resisted here is vertical. Fig. 448 shows such a 
connection; the strut is made to butt the column squarely instead of fastening to the sides of 
the column by rivets passing through the two members, or indirectly through connection 
plates, because the forces producing stresses in the bracing at this point must come into. the 
strut by compression from without and not through any possible tensile stress. When the 
strut butts the column these forces are introduced into the strut without the aid of rivets, and 
the full value of all the rivets can be used to resist the vertical component of the rod stress. 
It serves also to keep the arm at the end of the strut, or the distance from the centre of pin to 
the bearing at the end, as short as possible, all of which is important. The top angles may be 
placed several inches above the strut, and a cast filler-block introduced between them. Such 
an arrangement has several advantages. It generally happens that these angles cannot be 
riveted to the column directly under the channels of the strut, as shown in Fig. 448. The 
consequence is that whatever intervenes must carry a cross-strain. The cast-block will do this 
well. It is also important that there should be absolutely no clearance; otherwise the whole 
system would lack in stiffness and efficiency. The block can be cast a little large, and if 
necessary it can be chipped at the building in order to crowd it into position. The block also 
has the further advantage of cheapness, and is always easily obtained. Every detail in wind 
bracing should receive the most careful consideration. 
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CHAPTER. XXX 
IRON AND STEEL MILL-BUILDING CONSTRUCTION.* 


481. General Types of Buildings.—There are three general types in common use. 
The first has a rigid iron frame throughout. Each transverse bent is made up as follows: An 
iron roof truss is supported at its ends by iron columns firmly anchored to masonry piers; 
the bent is made rigid by transverse bracing, consisting of knee-braces in intermediate bents 
and vertical bracing in the end bents between columns. In the sides of the building vertical 
bracing is provided between the columns, and lateral bracing in the planes of the top and 
bottom chords of the roof trusses. When long panels are desired, the alternate roof trusses 
can be supported on longitudinal girders, or trusses, running between the columns. At the 
ends of the building one or more gable columns should be introduced to shorten the unsup- 
ported length of transverse vertical bracing. The sides and ends may be covered with 
corrugated iron sheeting supported on suitable framework. 

The second type differs from the first in having thin curtain walls of brick built up to the 
tops of the columns on all sides of the building. These walls carry no vertical loads, but must 
do the work of the vertical bracing between the columns in the sides and ends. This bracing 
is, therefore, omitted; but there should be in the sides of the building a top strut running from 
column to column, and connecting to the inner flanges, in order to clear the brick wall. If 
desired, the top strut may connect on the centre line of columns, in which case the wall must 
be built around it. | 

Buildings of the first type of construction are suitable to withstand the action of the 
heaviest jib and travelling cranes, since they are able to resist large horizontal forces, as well 
as the usual vertical loads. The second type, while suitable for buildings of heavy construc- 
tion, and especially adapted for machine-shops, are not so well fitted to endure the action of 
cranes of large capacity, particularly if the building be high and narrow. If for any reason 
the brick walls are considered essential and it is desired to secure the greatest strength and 
rigidity possible, regardless of expense, a combination of these two types would give a result 
which could not be surpassed. 

The last type of construction to be mentioned is well adapted to buildings intended for 
heavy machinery and light jib-cranes, and may be used for suspended travelling-cranes. In 
this third type there are no iron columns. The walls of the building are brick, and the roof 
trusses rest directly upon them. Additional rigidity can be secured by the introduction of 
iron columns at the four corners of the building. These columns should be well anchored to 
the foundations. The roof trusses should be braced in the planes of the top and bottom 
chords. If there are no jib-cranes to be provided for the bottom chord bracing may be 
put in alternate panels only; in which case, however, the top chord bracing should be in every 
panel to keep the walls in line. 

482. Vertical Loads or Forces.—Under this head come the weight of the iron frame 
and its covering; the weight of snow; the vertical component of the wind pressure ; travelling 
cranes and their lifted loads: the weight of pipes, machinery, and shafting ; the action of 


* This chapter has been adapted from a paper contributed to the Engineers’ Society of Western Pennsylvania, 
October, 1892. 
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driving-belts; and such additional loads as may arise in individual cases. The importance of 
considering the action of stresses due to cranes is evident when it is remembered that 
there are now in use jib-cranes of varying capacity up to fifty tons and travelling cranes up to 
one hundred tons and even one hundred and fifty tons lifting power. These cranes produce 
not only direct stresses in main members and bracing, but also heavy bending moments in the 
columns and alternating stresses in various members throughout the building. The action of 
long lines of shafting, with their driving-pulleys and belts, and of hydraulic and steam 
machinery, frequently contributes a large share to the sum of uncertain and, too often, 
unconsidered stresses to which a mill building is subject. While it is impossible to determine 
these stresses with accuracy, it is, nevertheless, necessary to make allowance for them; and 
the proper way to deal with them is to assume, as nearly as may be, an equivalent uniform 
load and a single concentrated load which may be applied at will to any member of the 
structure. These vertical loads vary so in amount, depending on the span and type of build- 
ing, that it is impossible to give an equivalent load per square foot which could be used 
indiscriminately. It must be ascertained independently for individual cases. The action of 
the vertical loads on the structure, when once they or their equivalents have been computed, 
is readily determined, and need not be further discussed. 

483. Horizontal Forces.—Under this head come the horizontal component of the wind 
pressure and the thrusts from the travelling-cranes, jib-cranes, belts, etc. The horizontal 
action due to the cranes and wind is of considerable importance, and is an element that does 
not receive the attention in merits. Fortunately, however, the maximum wind and crane 
loads occur but rarely, and the probability of their occurring simultaneously is so small that, 
if we proportion each member for the larger stress, we may disregard the smaller. Horizontal 
forces act on a building, tending to move the structure horizontally and to overturn it as a 
whole. As a result, stresses are produced in the individual members throughout the building. 
Friction and the weight of the structure are usually sufficient to counteract the tendency to 
movement, and we need consider the action on the individual members alone. This action 
can be best shown by means of a stress diagram (see Plate XXXII, Fig. 1). 

484. Method of Analysis.—The following conditions will be assumed to illustrate the 
method of analysis: 
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The building consists of a rigid iron framework throughout. 

The wind force will be taken at the low value of 20 lbs. per square foot. The wind will 
be assumed to blow in a horizontal direction in all cases. The vertical dead load acting on 
roof is taken at 25 lbs. per square foot, horizontal projection; with an additional vertical 
loading, acting on columns, of 25 lbs. per square foot, horizontal projection. These two 
loads cover the weight of the iron framework of the structure, the roof load being the weight 
of the trusses and their covering, and the additional column load being the weight of the 
columns and their bracing. The permanent loads only have been selected for analysis, so 
that the liability to alternating wind stresses in the roof trusses may be fully shown. While 
the estimate for dead weights is made to more than cover their amount in general practice, no 
extreme data have been used. 

Were we designing the building for construction, it would be necessary to assume, in ad- 
dition to those already mentioned, vertical loads something like the following : 
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For snow, 10 lbs. per square foot. 

For equivalent uniform load, 10 to 15 lbs. per square foot. 

For concentrated load, 10,000 lbs. 

The equivalent uniform and concentrated loads above mentioned are those referred to in 
Article 482, and cover the action of shafting or other indeterminate loads which would affect 
a building according to the particular purposes for which it is intended. If cranes were to 
be put in the building, their action would also have to be considered. For the present dis- 
cussion these loads are not included in the analysis. 

The diagrams on Plate I show: 

CasE I. The stresses in roof trusses, columns, and knee-braces, for wind acting on one 
entire side of the building and roof, for columns hinged at base. 

CasE II. The same conditions of loading, for columns rigidly fixed at base by anchor 
bolts. 

CASE III. The stresses in roof trusses and columns for permanent dead load. 

CaSE IV. The stresses in roof trusses for wind on roof only. The roof trusses rest on 
walls, and are anchored at both ends. 

For Cases I, II, and IV the entire horizontal force of 20 lbs. per square foot is considered 
on the vertical projection of all surfaces acted on by the wind. The vertical component is 
disregarded. 

CAsE V. The stresses in roof trusses, columns, and knee-braces, for wind acting on one 
entire side of building and roof, for columns rigidly fixed at base by anchor bolts. 

For Case V only, the analysis is made for the resultant normal pressure on the several 
surfaces acted on by the wind. 

It is customary to consider the resultant wind pressure as acting normally to the roof 
surface. We have, however, in the present instance, for the purpose of comparison, found 
the stresses resulting from the normal pressure, and also from the full horizontal force of the 
wind acting on the vertical projection of the entire building. In the latter case the vertical 
component has been neglected. When the resultant normal pressure is taken, as in Case V, 
the wind stresses may be found in one diagram for this normal pressure, or the stresses for the 
horizontal and vertical components may be found separately and combined for total wind 
stresses. 

Cases II and V show a comparison of the effects of the full horizontal force of the wind 
and of the resultant normal pressure. All the conditions in these two cases are the same, 
except that of the direction of the resultant wind pressure. 

In high buildings, especially with ventilators, on account of the small proportion of ex- 
posed roof area, the difference in the resulting stresses is not very marked; the normal 
pressure giving in most members the smaller results. For a discussion of wind pressures, 
see Chap. III, Art. 52. 

The intensity of the wind stresses throughout the roof truss is dependent, other conditions 
remaining constant, upon the ratio of the total length of the column to the length of the 
portion above the foot of the knee-brace. The greater this ratio, the greater will be the 
stresses. Although the knee-braces have been assumed of greater depth than will ordinarily 
occur in practice, an examination of the diagrams will show for Cases I and II, and even for 
Case V, that the wind stresses in some of the principal members on the windward side of the 
roof trusses are equal to the dead load stresses, while on the leeward side the stresses are of 
opposite character and of even greater intensity ; note especially the stresses in the top and 
bottom chords of the roof trusses, in the two main diagonal ties running to the ridge, in the 
knee-braces and in the adjoining diagonals. 

The horizontal reaction or shear at the base of the columns is a known quantity; it re- 
mains the same whether the columns are hinged or rigidly fixed at the piers. For the two 
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columns of a bent it is equal to the horizontal component of the wind on one panel of the 
building and roof. This total shear or reaction is assumed to be equally distributed between 
the two columns. The wind loads are considered concentrated, and the vertical reactions at 
the feet of the columns are disregarded in the analysis of stresses in trusses and columns, 
but are considered in the calculation for anchor bolts, masonry, etc. 

External Forces —The columns, in deflecting from the wind loads, have a leverage action 
producing certain horizontal reactions at the feet of the knee-braces, and at the bottom chords 
of roof trusses, which must be considered as external forces in finding the vertical reactions, 
and in the analysis for stresses in the knee-braces and roof truss. 

Vertical Reactions from Horizontal Forces—Taking the centre of moments at any point 
in the axis of either column, the vertical reaction at the opposite column, in any case, is equal 
to the algebraic sum of the moments of all the external forces above this point, divided by the 
span of the building. The centre of moments may be taken at any point in the axis of the 
column; but the most convenient points are at the bases of the columns, at the points of con- 
traflexure, and at the feet of the knee-braces. 

Vertical Reactions from Vertical Forces —The vertical reaction at either column resulting 
from the vertical components of the horizontal wind force is equal to the sum of the moments 
of these vertical forces about a point in the axis of the other column divided by the span of 
the building. 

For analyses in which only the horizontal component of the wind force is dealt with, as 
in Cases I and II, the vertical reactions resulting from the horizontal component only need be 
considered. When, however, as in Case V, the analysis is made for the horizontal and vertical 
components of the resultant normal wind pressure, the algebraic sum of the corresponding 
vertical reactions must be considered. In all cases the wind and dead load stresses have been 
determined separately, for the purpose of comparison and to locate the alternating stresses, 
To determine the net stresses in the members and the resultant overturning action on the 
building, the stresses and reactions for dead and wind loads must be combined algebraically. 

485. Action of Horizontal Forces on the Columns.—The column in resisting hori- 
zontal forces acts as a beam, and when rigidly anchored it may be considered as fixed in 
direction at the base, but when not properly anchored it must be considered as hinged at the 
base, or, in other words, free to rock on the pier. Theoretically we might treat the column as 
fixed in direction at the top also, when rigidly connected to the roof truss; but as we are not 
at all sure of realizing a sufficient degree of rigidity at this point, it will be safer to consider 
the column as simply supported at the top in all cases. In reality there would be but little 
gain in fixing the column in direction at the top, as it must be done at the expense of result- 
ing bending moment in the roof truss. The column, then, in resisting horizontal forces will, 
when rigidly anchored at the base, act as a beam fixed at one end and supported at the other, 
but when not properly anchored it will act as a simple beam supported at both ends. The 
anchor bolts which fix the column have to resist the bending moment at the base; or, in 
other words, they must counteract the tendency of the column to rock on the pier. They 
must also resist the horizontal thrusts not overcome by friction. The rocking tendency is 
influenced by the width of column base and by the depth of vertical bracing. The lower the 
bracing extends, the smaller will be the bending moment at the foot of the column, and the 
less the pull on the anchor bolts. If the bracing were to extend the entire length of the 
column, the bending moment at the base and the pull on the anchor bolts would be reduced 
to zerc. In practice the bracing can run down the column a short distance only, and bending 

‘moments will occur at the foot of the bracing and at the base of the column. As a result, 
the column, acting as a beam, will be distorted, and a point of contraflexure will occur in the 
unsupported portion. If the anchor bolts be removed, the case will be a beam supported at 
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both ends. The point of contraflexure will then disappear and the bending will be largely 
increased. 

From this discussion we observe the following important facts: Deep bracing and strong 
anchorage reduce the stresses in the columns, roof trusses, and the bracing itself. In design- 
ing the column the moments at the base and at the connection of the bracing should be pro- 
vided for in the section. The anchor bolts should be made of sufficient section to thoroughly 
fix the column at its base. 

The analysis for Case I is the same as that for similar cases in Art. 115, of Chap. VII, so 
far as the reactions at the base of the columns are concerned. The analysis of Case II is 
given in Art. 151, Chap. X. In this case the horizontal and vertical reactions act at the point 
of inflection, as found in Art. 151, and the remaining analysis is the same as that in Art. 115. 
In the analysis for these reactions as shown in Plate XXXII, the tops of the posts were 
assumed to remain in the same vertical with the bottom, and the ordinary continuous girder 
formule were used, as is graphically shown in Fig. 449. This puts the point of inflection too 


Loading 


Moments 


Shears 


Case IT. 


Fic. 449. 


low, and increases the stresses in the knee-braces and roof truss. The more rigid analysis 
given in Art. 151 should be used. 

After the horizontal and vertical reactions have been determined, the stresses in the roof 
trusses and the knee-braces can be easily found graphically. The graphical treatment is shown 
in full on Plate XXXII, Fig. 2. Taking the foot of the windward knee-brace as a convenient 
starting-point, the force polygon is constructed as follows : fromato/to c-a-e-f-x-y-t to ato close 
at point of starting; the polygon being made up of the wind loads and the horizontal and 
vertical reactions mentioned above. The shear at the base of the column does not direct 
appear in the force polygon or in the stress diagram, but its equivalent has been considered ‘ 
the load at the foot of the knee-brace and in the shear at the top of the column. 

Notice that at the foot of the windward knee-brace the concentrated wind load at that 
point must be deducted from the load P, or P, to find the net horizontal reaction which is to 
be used in the force polygon and which is the horizontal component of the stress in the aa 
ward knee-brace. 

The analysis for the horizontal action of crane loads is similar to 


8 es that given for wi 
except that it is simpler, as there are fewer loads to deal with: § r wind, 


therefore it is not necessary 
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to give the analysis for this class of forces, but in practice the maximum stresses arising from 
either wind or crane loads should be provided for, considering such part of the crane load as 
_may be deemed proper for the bent under consideration. 

486. Systems of Bracing.—Mill buildings should be thoroughly braced to resist the 
action of horizontal forces and to keep them properly lined up. For this purpose longitu- 
dinal and transverse bracing in a vertical plane and lateral bracing in a horizontal plane are 
required. 

Ventilator Bracing.—There should be a strut running from the top of each ventilator 
post to the ridge of the main roof truss, to prevent distortion of the ventilator frame. Ver- 
tical longitudinal bracing is needed in the sides, and at the centre line of ventilators, to keep 
the frames upright and parallel. When swinging windows are placed in sides of ventilators 
the bracing there must be omitted, and replaced by stiff bracing fastened to the ventilator 
purlins. 

Rafter Bracing —The purpose of this bracing is to keep the trusses from overturning, 
and it should be strong enough to resist the action of the wind on the gable end of the roof. 
This bracing may be omitted in alternate bays. 

Bottom Chord Bracing.—The purpose of this bracing is to keep the columns in line and 

to distribute concentrated loads. 

Vertical Bracing between Columns should be provided to transmit to the foundations all 
stresses due to horizontal forces. The greater the depth of this bracing for given length of 
column, the less will be the resulting stresses in the columns, trusses, and in the bracing itself. 
Usually it may come down to a point eight to ten feet from the ground. The bracing-in the 
sides takes the longitudinal thrust of the wind and crane loads, and the bracing in the ends 
resists the part of the transverse action of those loads received through the bottom chord 
bracing. 

It will be well to consider, in a general way, the action of the wind and crane loads on 
these systems of bracing in the sides and ends of a building. Both of these classes of forces, 
if allowed, would act on the structure in the same general manner; but the different condi- 
tions under which they are applied warrant the provision of separate systems of bracing to 
transmit them to the foundations. It is impracticable, in long buildings, to make the bottom 
chord bracing heavy enough to carry the cumulative wind loads from the successive panels to 
the ends of buildings. It is, therefore, necessary that each intermediate bent should resist its 
own wind load and a portion of the distributed crane loads. To do this knee-braces are pro- 
vided at each bent, running from bottom chord to column. The conditions of head room 
allow the knee-brace to extend down the column a short distance only, and the resulting 
stresses from the wind, as has been shown in the diagram, are large in the trusses and columns 
and in the knee-braces themselves. These members should, therefore, be made abundantly 
strong to resist these stresses. The uniform wind loads having been provided for, the crane 
loads and other local loading only remain to be considered. The bottom chord bracing must 
take these loads and distribute them to the adjacent bents, transmitting the residue, if any, 
to the vertical bracing in the ends of the building. This is an economical arrangement, since 
the maximum crane stresses occur simultaneously in two or three panels only, and, conse- 
quently, are not seriously cumulative. Crane stresses are occurring constantly, and their 
repeated action would be a severe test upon the rigidity of the structure if each bent were 
required to resist the stresses from loads in the adjacent panels. On the other hand, large 
wind loads occur rarely, and the individual bent can withstand them without injury. We do 
not mean to say that in practice the wind will be taken by the individual beuts ana the crane 
loads by the bottom chord bracing, because there is, necessarily, svimie uncertzinty as to the 
distribution of these loads; but the bottom chord bracing will have served its purpose if it 
relieve individual bents of the racking effect of concentrated loads. 
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487. Types of Roof Trusses.— Sections and Details—While there are several types of 
roof trusses well adapted to mill buildings, probably the one in most common use is the 
“French” roof truss. This truss is simple in design and suitable for either light or heavy 
construction. Whatever the type, it is always best to make the bottom chord of the truss 
straight, except when the conditions of head room require it to be raised. 

Irrespective of the type of roof truss, there are two radically different styles of con- 
struction which may be used: one is pin-connected and the other is riveted work throughout. 
While there is a large variety of sections from which to choose in the riveted style, the 
T-shaped section is most commonly used. This is composed of two angles placed back to 
back, with or without a single web plate between. This form of section may be used for 
both tension and compression members. A single flat bar may be used for the smaller 
tension members. Roof trusses built in this manner lack somewhat in rigidity and lateral 
stiffness. 

In the all-iron type of building—that is, where the roof trusses rest directly upon the 
columns—rigidity and stiffness are important factors, and the construction shown in Fig. 1. 
Plate XX XIII, is frequently used with satisfactory results. In this case the compression mem- 
bers are made up of two channel-bars turned back to back and latticed, forming a box section, 
For members subject to tension only loop-eye rods are used. The truss is pin-connected 
throughout. Upon examination of the figure, it will be observed that all the connections are 
readily made, and that the details are simple in design. But little riveting is required, the 
shop-work can be easily and quickly turned out, and the building rapidly erected in the field. 
The bottom chords of the trusses will stand heavy loads in bending, and afford especially good 
connections for jib-cranes and lateral bracing, The roof trusses have such strength and rigidity 
as to impart stiffness to the entire building. This style of construction is well adapted to 
both light and heavy buildings. 

There is another style of construction suitable for heavy work only, which is quite as 
rigid as the one just mentioned. In this the top and bottom chords are of box sections, and 
made up of plates and angles instead of channels. The web members have an I shape, and 
are made up of four angles placed back to back in pairs and latticed. All the truss members 
are stiff and may have either pin or riveted connections. 

When these built sections are used with riveted connections, the shop-work is somewhat 
less expensive than for the pin-connected channel construction. When, however, pin connec- 
tions are to be used for both styles of construction, the channel sections require less shop-work 
and afford simpler details than the built sections. 

Roof columns and light crane columns may be constructed of Z bars, channels, or plates 
and angles, but for simplicity of details the channel columns are to be preferred to all others. 
For heavy crane columns, however, it may be necessary to use plates and angles to secure a 
column of sufficient width. 

Referring again to roof trusses, whatever style of construction is used, the following points 
should be well considered : The trusses must be designed to withstand the maximum stresses 
produced by any possible combination of vertical and horizontal loads or by the vertical loads 
alone. The bottom chords of trusses should be made stiff enough to take both the tension 
and compression to which they are subjected as well as the bending from local loads. They 
must afford a convenient connection for the longitudinal struts in the bottom chord bracing ; 
in fact, they are themselves important struts in that system of bracing. 

488. Columns and Girders for Travelling-cranes.—Track girders for light travelling- 
cranes may be supported on brackets on the roof columns; but as this arrangement gives an 
eccentric loading, it is better, for heavy cranes, to provide a separate column to carry this load. 
To prevent unequal settlement, the crane columns and roof columns should stand on the same 
base. The connection between these columns should be rigid, so that, as far as possible, they 
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may act as one member. The girders must be thoroughly connected to the crane columns 
and braced laterally to the roof columns. Knee-braces from crane columns to girders give 
longitudinal stiffness. For track girders I beams or plate girders are preferable to lattice gir- 
ders. Long, heavy girders should have the box section, with diaphragms at intervals between 
the webs. (See Plate XXXIII, Fig. 5.) 

Rails for Track.—In order that the alignment of the track may be true, it is best to drill 
che holes for rail-fastening with girders in position and the rails lined up. Oak packing is fre- 
quently put under the rails and at the girder seats to insure smoothness in the running of the 
cranes. Several rail sections, with method of fastening, are shown on Plate XXXII. Details 
of crane columns and track girders are shown on Plate XX XIII, Fig. 

489. Details of Construction.—‘Splices and Connections.—Members subject to tension 
and compression should have their splices and end connections made to resist the maximum 
stresses of both kinds. When bending stresses occur, they should be considered in designing 
the splices; this necessitates both flange and web splices. As an example, the splices in the 
bottom chord of the roof trusses should be able to develop the full strength of that member 
in tension, compression, and bending, The splice at the ridge of the roof truss has to resist 
the horizontal thrust from the rafters and any vertical shear which may arise from unsym- 
metrical loading. It is well to remember that the wind is an important case of unsymmetrical 
loading. In addition, provision must be made to introduce into the rafters the stresses from 
the web members which meet at this point. 

The connection of roof trusses to columns has to resist large horizontal and vertical 
stresses. In the analysis given for wind in Case I, shownon Plate XX XII, the horizontal shear 
on the leeward side is 40,000 pounds and the upward pull from the roof truss is 22,000 pounds, 
which gives a resultant of about 46,000 pounds to be resisted by the connection. This 
resultant is net, that is, exclusive of the 25,000 pounds dead load from the rafter. On the 
windward side there occurs a resultant of 55,000 pounds from wind alone, or 70,000 pounds 
from wind and dead loads combined. The style of connection determines whether, on the 
windward side, the larger or the smaller resultant should be provided for. 

Column Bases.—The gusset plates and bracket angles at the foot of the column have 
several important duties to perform, which require them to be thoroughly connected thereto. 
- They assist in distributing the column loads to the base-plate; they give stability to the 
column by broadening its base, and furnish a connection for the anchor bolts. The base- 
plate should be large and strong enough to distribute to the pier the loads received from the 
enlarged column base. The anchor bolts should pass through the bracket angle, and at the 
same time be placed as far from the centre line of the column as practicable.* They should 
be anchored in the masonry sufficiently to develop the full strength of the bolts. Large 
anchor bolts should be built deeply into the masonry ; small anchor bolts, however, may be 
roughened or split and wedged and set in drilled holes, with hydraulic cement, lead, or sul- 
phur. (See Plate XXXII, Fig. 1.) 

Piers.—The masonry piers for supporting the columns should be of sufficient dimensions, 
weight, and strength to resist the vertical loads, the horizontal thrust, and the overturning 
action from the column. They should extend well below the frost line and reach a firm 
bottom. If necessary, concrete or piles may be used to secure a suitable foundation. To 
secure a uniform distribution of the column loads, the piers should be provided with a cap 
consisting of either a single stone or a cast-iron plate. If the stone be used, it should be large 
enough to give a margin all around the column base equal to one third of its thickness, which 


latter should be at least one third its largest dimension. 


® This connection cannot possibly develop the full bending resistance of the column, Vertical angles riveted to 
the base of the column, with a top plate to receive the nut of the bolt, is to be preferred if the column is assumed to be 


fixed in position at bottom. (See Figs. 426 and 434.)—J. B. J. 
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Purlins—Angles, Z bars, or I beams may be used for roof purlins, with or without trussing. 
Single channels do not have sufficient lateral stiffness to make good purlins. Several styles 
of trussed purlins are shown on Plate XXXVII, Figs. 1, 2, and 3. Fig. 2 shows a simple and 
desirable style of trussing, using star shapes and flat bars. Fig. 1 shows a good section for 
along and heavily loaded purlin, made up of two channels, forming a box section and held 
together by tie-plates. Loop-eye rods are used in the trussing, which is pin-connected. Care 
should always be taken to turn the shape used as a purlin so as to secure the greatest vertical 
depth. Figs. 5 and 6 show respectively the correct and incorrect method of placing the 
purlin upon the rafter. Fig. 5 also shows the method of bracing I-beam purlins to rafter by 
the use of bent plates. Purlins act as longitudinal struts in the system of rafter bracing. At 
the ridge, under ventilators, no purlins are required. It is, therefore, necessary to have a ridge 
strut to complete this system of bracing. Long purlins are liable to sag in the plane of the 
roof. Fig. 4 shows a method of holding them in place by tie-rods between the purlins and 
running from ridge to eaves. 

Expansion.—Roof trusses resting on brick walls should have one end free for expansion. 
A wall plate, for a sliding surface, should be used for spans to about 75 feet, and rollers should 
be provided for larger spans. Roof trusses resting on columns must be attached rigidly 
thereto, no provision being made for expansion. It is customary to introduce an expansion 
panel in long buildings, at points 100 to 150 feet apart, to provide for longitudinal expansion. 

Corrugated [ron Sheeting.—The use of corrugated sheeting to close the sides and ends of 
buildings, where brick walls are not present, has already been mentioned. It is used as well 
for a roof-covering, and has the advantage of being cheap, light in weight, and incombustible. 
Furthermore, it is quickly and easily put on and readily renewed. Its most objectionable 
quality is its liability to rust. This can be retarded if the sheeting is kept well painted on 
both sides, and still further by using galvanized sheeting. Common weights of sheeting for 
roofs are Nos. 18 and 20, and for sides of buildings Nos. 20and 22. For No. 20 sheeting, pur- 
lins should be spaced not over 6 feet centres, and preferably less than this. 

Lighting and Venttlation.—Ample provision should be made for lighting and ventilation. 
Windows with swinging, sliding, or fixed sash may be introduced in the sides and ends of the 
building and in the sides of ventilators. Louvres for ventilation may replace the windows 
where desired. Additional lighting surface can be obtained by the introduction of skylights 
on the main and ventilator roofs. In the sides of a building which has brick walls it is a 
simple matter to provide openings for windows and doors. In buildings with no brick walls, 
framework between the columns is necessary to support the doors, windows, and sheeting. 
This framework may be all timber, all iron, or a combination of iron and timber. The frame- 
work entirely of timber is suitable for light buildings only. The framework entirely of iron is 
required in buildings where combustible material is prohibited. In the latter the bracing and 
framework supporting the windows are of structural iron, and the window frames and sash are 
galvanized iron. An all-iron frame for a gable is shown on Plate XXXVII, Fig. 7. The com- 
bination timber and iron framework is suitable for all buildings where absolute fire-proof con- 
struction is not needed. In this case we have a complete system of iron bracing between 
the columns. The main girts are of iron, but the girts and posts supporting the windows and 
corrugated iron are of timber and are introduced between the main girts wherever needed. 
This style of construction is shown on Plate XXXIII. In the all-iron type of construction the 
bracing between the columns is frequently stopped 8 to 12 feet above the ground. The space 
below the bracing may be left entirely open or closed with corrugated sheeting and swinging, 
sliding, or lifting doors. 

General Conclustons.—In the design of mill buildings of the present day, it seems to the 
writer that there are certain stresses incident to the every-day operation of the mill which do 
not receive proper recognition, We can with profit make a comparison of the design of the 
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mill building with that of the railroad bridge, since in general the same principles apply to 
both. In the latter, provision is made for certain secondary stresses, such as impact, wind, 
and centrifugal force. In addition, the probable increase in loading during the life of a struc- 
ture is considered. In like manner, we have in the mill certain secondary stresses due to the 
action of cranes and wind, of equal: importance. The question of the future increase in 
loading of the mill building should be given the same attention as it receives in bridge 
construction. We have already considered the action of these secondary forces upon the 
building, and have shown that they must be provided for by the use of liberal sections and 
suitable bracing in order to secure rigidity. The uncertainty respecting the increase in loading 
which future conditions may dictate for the structure is especially marked in the case of ex- 
tensive plants, in which, on account of rapid development, radical changes are not unusual. 
While the writer would not be understood to advocate the introduction of material in members 
throughout the structure regardless of their present or probable future requirements, he does 
hold that in the long-run it is economy, in the case of permanent structures, to provide not 
only for loads which it is known will occur, but for those which experience teaches are within 
a reasonable range of probability. The objection to all this is that it costs money, but small 
first cost is not always true economy. A cheap building will in time cost enough for 
repairs and remodelling to make it an expensive investment. Furthermore, delays in the 
operations of the mill, which are liable to result from weak and faulty construction, are at 
best expensive drawcacks, and frequently are far-reaching in their consequences, 

A principle well worth noting, and one which argues strongly in favor of designing for 
liberal loads, may be stated in this connection: After the material has been provided to make 
a structure strong enough to carry a moderate loading, the introduction of a reasonable 
amount of extra material will give an increase in carrying capacity which is entirely out of 
proportion to the expense incurred for such increase. 

In conclusion, we may say that the three most essential factors in the design and con- 
struction of mill buildings, named in the order of their importance, are strength, simplicity, 
and economy. 

The accompanying plates (XXXII to XXXVIJ) represent several types of structures 
recently erected in the vicinity of Pittsburg.* They are largely self-explanatory and need no 
further description in the text. 


ANALYTICAL TREATMENT. 


490. Analysis for Wind.—The following is a brief statement of the conditions assumed 
and the methods employed in the analysis for wind stresses. The reactions, shears, and 
moments are determined analytically ; the resulting stresses in the knee-braces and roof trusses 
are determined graphically, as shown on Plate XXXII. 

Case I in the accompanying sketch represents the loads, shears, and moments for column 
hinged at base and acting as a simple beam supported at both ends. 

Case II represents the loads, shears, and moments for column rigidly fixed in direction at 
base by anchor bolts and acting as a beam fixed at one end and supported at the other. 


NOTATION. 
Known Terms : 
6 = span of roof; s 
/= length of beam or column; 
@ = distance from base of column to foot of knee-brace or to the point of application 
of the load P, or P,; 


* The authors are indebted to the courtesy of the management of the Keystone Bridge Works for the drawings of 
work, constructed by them, from which these details were selected. 
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S, = the horizontal component of reaction, or shear, at base of column when hinged at 
base. Case I; 
S, = horizontal component of reaction or shear at base of column when fixed at base- 
Case II; 
= S,= one half external horizontal force. 


a 


), = shear_at top-of column when hinged at base = Sy 


Loading 


Moments 


Shears 


Case I. Case II. 
Fic. 450. 


Unknown Terms : 


S,’ = shear at top of column when fixed at base; 
P, = horizontal thrust or load at foot of knee-brace due to the leverage action of the 
column when hinged at base ; 
fF, = horizontal thrust or load at foot of knee-brace due to the leverage action of the 
column when fixed at base; 
. M, = bending moment at the foot of column when fixed at base ; 
M,’ = moment at any section of column distant x from the base, for column hinged at 
base ; 


M,/" = moment at any section of column distant x from the base, for column fixed at base ; 


M,’= moment in column at foot of knee-brace = maximum bending moment for col- 
umn hinged at base; 

M,/’= moment in column at foot of knee-brace = maximum bending moment for col- 
umn fixed at base; 

M = the sum of the moments of the horizontal wind loads above any point in the axis 
of either column distant x above the base, which is taken as the centre of 
moments; note especially that this is a variable quantity, its value depending 
upon the height of the point taken as the centre of moments; 

V, = the vertical reaction at either column due to the overturning action of the wind 
on one entire side of building and roof for columns hinged at the base ; 

V, = the vertical reaction at either column due to the overturning action of the wind 
on one entire side of building and roof for columns fixed at base. 
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FORMULA, 


491. Case I.*—For columns hinged at the base and considered asa simple beam sup- 
ported at both ends: 
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This vertical reaction is constant throughout the column up to the knee-brace. Above 
that point it is increased or diminished by the vertical component of the stres§ in the 


brace. 


~ 


492. Case II.t—For columns rigidly fixed at the base and considered as beams fixed at 
one end (the base) and supported at the other (the top): 
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* In the analysis for this case the column has been considered as a beam with unvielding supports; strictly this 
condition will not be realized, for as the top of the column deflects to the leeward. the support at that end will yield 
an equal amount, and the resulting stresses will be somewhat larger than found by the analysis. However, this 
increase is in a measure counteracted by the condition of partial fixedness at the top of the column, which has been 
disregarded in the analysis. c 

+ The following analysis is proximate. It assumes that the top of the building does not deflect laterally. The 
rigid analysis for the general case is found in Art. 412, and for the case here assumed in Art. 151.—J. B: f. 
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vor taking moments about the base of column, we may write, in terms of P, and S,’, 
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at point of contraflexure 17,, = —WU/,+S~=0, and 
oeue S distance from base of column to point of contraflexure; . , . . (76) 


S, 


or independently in terms of S,’ we may write 
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Solving eq. (9) for P,, 
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The-vertical reaction V, is best found for the point of contraflexure, and this is then the 
vertical stress in the post, from wind, from the base to the foot of the knee-brace. While the 
vertical reaction could be found by passing a horizontal section through both columns at any 
elevation, and summing the moments of the external forces on either side of this section, we 
would, in general, have to include in these moments the bending moments at this section in 


the two columns cut. Taking the section through the points of contraflexure, however, 
we obtain 


VS . at point of contraflexure or when + = 


ere 


“|S 


or, so far as the overturning action of the wind on the building is concerned, the columns have 


: M. 
virtually been shortened by the amount x — <2, which is the distance from the base of 


S, 


* Equations (6), (9), and (10) are expressions for a beam fixed at one end and supported at the other, referred to 
the origin of co-ordinates at a point over the support at the fixed end, and can be found in text-books on the subject. 
and can be derived from the formule given in Art. 131. Valuable tables for the easy solution of these equations are 
given in Howe’s ‘‘ The Continuous Girder.” (Enginecring News Pub. Co., 1889.) The other equations under Case II 


and all the equations for Case I can be written directly from a consideration of the external forces, and require no 
extended demonstration. 
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column to the point of contraflexure. In fact, an examination of the several equations for 
moments, shears, and horizontal reactions will show that Case II becomes in all respects 
Case I, with the base of column moved up to the point of contraflexure. 

This can also be shown by an inspection of the moment and shears diagrams on Plate I. 
This is true not only for the moments and shears for the part of the column above the point of 
contraflexure, but also for the stresses in trusses and knee-braces. There will occur, however, 
below the point of contraflexure, shears, and a negative bending moment, of which the action 
on the column and pier must be considered. 

In the above formula, several expressions have been given for the values of V, and V,. 

For a given analysis, however, only one of these expressions need be used; the position 
taken for the centre of moments determining which formula shall be chosen. 

For an analysis under Case I, for columns hinged at the base, formule (1), (2), (4), and 
(5) only, need be used; and for an analysis under Case II, formule (6), (8), (ga), (10), and 
(11a) only, are required. The supplementary formule may be used as substitutes for those 
first named when so desired. 

The horizontal reaction or shear at the base of a column is a known quantity; it 
remains the same whether the columns are hinged or rigidly fixed at the piers. For 
the two columns of a bent it is equal to the horizontal component of the wind on one 
panel of the building and roof. This total shear or reaction is assumed to be equally 
distributed between the two columns. The wind loads are considered concentrated, and the 
concentration at the foot of the column is disregarded in the analysis of stresses in trusses 
and columns, but is considered in the calculation for anchor-bolts, masonry, etc. 

493. External Forces.—The columns in deflecting from the wind-loads have a leverage 
action producing certain horizontal reactions at the foot of the knee-braces and at bottom 
chord of roof truss, which must be considered as external forces, in finding the vertical reac- 
tions and in the analysis for stresses in the knee-braces and roof truss. 

494. Vertical Reactions from Horizontal Forces.—Taking the centre of moments at 
any point in the axis of either column the vertical reaction at the opposite column, in any 
case is equal to the algebraic sum of the moments of all the external forces above or below 
this point plus the sum of the moments in the two columns themselves at this horizontal plane, 
divided by the span of the building. The centre of moments may be taken at any point in 
the axis of the column, but the most convenient points are at the base of the column, at the 
point of contraflexure, and at the foot of the knee-brace. When taken at this point of contra- 
flexure the moments in the columns themselves disappear. 2 

495. Vertical Reactions from Vertical Forces.—The vertical reaction at either 
column resulting from the vertical components of the horizontal wind-force is equal to the 
sum of the moments of these ‘vertical forces about a point in the axis of the other column, 
divided by the span of the building. 

For analysis in which only the horizontal component of the wind-force is dealt with, as 
in Cases I and II, the vertical reactions resulting from the horizontal component only need 
be considered. When, however, as in Case V, the analysis is made for the horizontal and 
vertical components of the resultant normal wind pressure, the algebraic sum of the corre- 
sponding vertical reactions must be considered. In all cases the wind and dead load stresses 
have been determined separately for the purpose of comparison and to locate the alternating 
stresses. To determine the net stresses inthe members and the resultant overturning action 
on the building, the stresses and reactions for dead and wind loads must be combined 
algebraically. 

496. Analytical Process for Case I.—Find S,, the shear at the base of the column, and 
substitute its value in equations (1), (2), and (4). Solve (1) for S,’, the shear at the top of the 
column. Solve (2) for P,, the horizontal load at the foot of the knee brace. Solve (4) for W’,, 
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the maximum positive bending moment in the column. This bending moment occurs at the 
foot of the knee-brace. 

Find m, the sum of the moments of the horizontal wind loads, taking the foot of one of 
the columns as the centre of moments (see nomenclature), and divide by 4, the span of the 
building; this gives V,, the vertical reaction at the foot of either column due to the horizontal 
component of the wind force, as shown in equation (5). 

497. Analytical Process for Case II.—Find S, the shear at the base of the column, 
and substitute its value in equation (ga), and solve for P, the load at the foot of the knee- 
brace. 

Substitute value of P, in (6) and (10), and solve (6) for JZ,, the negative bending moment 
at the foot of the column; and solve (10) for S,’, the shear at the top of the column. Substi- 
tute values of JZ, and S, in (8), and solve for J7,”, the maximum positive bending moment in 
the column. This bending moment occurs at the foot of the knee-brace. Finally find m, the 
sum of the moments of the horizontal wind loads (see nomenclature), and substitute the 
values of m and S,’ in (118), and solve for V,, the vertical reaction at foot of either column due 
to the horizontal component of the wind force. (See paragraph relating to “ Vertical Reac- 
tions from Vertical Forces.”’) 

498. Graphical Process for Cases I and II.—The action of the horizontal forces on 
the columns has now been fully determined. The horizontal and vertical reactions have also 
been determined, and the stresses in roof trusses and knee-braces can be easily found graph- 
ically. The graphical treatment is shown in full on Plate XXXII, Fig. 2. Taking the foot of 
the windward knee-brace as a convenient starting-point, the force polygon is constructed as 
follows: From a to é to c-d-e-f-r-y-t to a to close at the point of starting, the polygon being 
made up of the wind loads and the horizontal and vertical reactions mentioned above. 

The shear at the base of the columns does not directly appear in the force polygon, or in 
the stress diagram, but its equivalent has been considered in the load at the foot of the knee- 
brace and in the shear at the top of the columns. 

Notice that, at the foot of the windward knee-brace, the concentrated wind load at that 
point must be deducted from the load P, or P, to find the net horizontal reaction which is to 
be used in the force polygon, and which is the horizontal component of the stress in the wind- 
ward knee-brace. 
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APPENDIX A. 


STRUCTURAL STEEL AND GENERAL SPECIFICATIONS.* 


SOFT STEEL IN BRIDGES.+ 


If is not to be expected that a bridge specification, prepared at this time, will contain much that is new 
or novel. It will, no doubt, contain something of the individual tastes and preferences of the party who ex- 
pects to use it. If the writer is fortunate enough to include the approved features of existing specifications, 
a new idea or two will quite suffice for novelty. The accompanying specification is, in fact, a revision of 
an older one, which in turn derived its salient features from the well-known specification of the Keystone 
Bridge Company. It is not the writer’s purpose, therefore, to enlarge upon the subject-matter in any 
general or extended way, but to confine his remarks chiefly to one feature. It will be evident to any one 
who examines the unit stresses that they are expressly intended to put soft steel on at least an equal footing 
with wrought-iron and medium steel; and the idea in laying the specifications before the Club at this time 
was to have this feature fully discussed for mutual benefit. While, therefore, any part of the text is open 
for criticism or suggestion, the steel question is the primary one; and to that alone the writer proposes to 
address himself. 

There are, at this time, three grades of material offered to engineers for structural work—viz., wrought- 
iron, soft steel, and medium steel. Of these we are using wrought-iron for short spans and medium steel 
for long spans, while the soft steel, which is in many respects the best grade of material of the three, we are 
using very little ; and there seems to be no immediate prospect, under existing specifications, of extending 
its use. It has been the writer’s good fortune to have an intimate acquaintance, at first hand, with the charac- 
ter of the material now being turned out by our manufacturers, ard to have been much impressed, in conse- 
quence, with the idea that in neglecting to use soft steel we are doing so to the disadvantage of our bridge 
structures, and that it is really important to give it a standing in specifications which will allow it to be 
used on at least equal terms with the other grades of material. Our wrought-iron is certainly not improv- 
ing in quality, and in certain directions it is distinctively poorer than it formerly was. In the manufacture 
of steel, however, there has been a notable improvement in quality and uniformity, and the best qualities of 
soft steel now leave very little further to be desired. As compared with wrought-iron, we have a material 
which, with 15 per cent higher ultimate strength, has from 20 to 25 per cent higher elastic limit, and from 
50 to 60 per cent greater ductility. We have a material which has equal strength, ductility, and bending 
qualities, lengthwise, and crosswise of the material, in comparison with wrought-iron, which has less 
strength or ductility and will not bend across its grain. We have, again, a material which has no fibre, and 
which, consequently, has less disposition to tear or pull out, and, lastly, we have the fine finish and sound, 
clean metal characteristic of steel, in comparison with the rougher finish and frequently doubtful welding of 
wrought-iron. 

Now, in certain well-known specifications, and with the tacit consent of many engineers, our bridge 
builders have been privileged, for several years past, to use soft steel on the same basis as wrought-iron. At 
no time, however, have they taken advantage of this privilege to any great extent, and it seems quite uncer- 
tain whether they will do so. We get a little soft steel occasionally when there are long bars to be rolled, 
which can be gotten out easier in steel, or when there is a large order of plates that can be rolled more eco- 
nomically, and we get occasionally pieces of steel in our structures for other purposes; but anything like a 
general use of it has not come to pass, and the very simple reason is that it costs more. The writer has 
endeavored to learn from our manufacturers whether the relative difference between wrought-iron and soft 
steel would be likely to decrease soon, but, so far as he has been able to ascertain, none of them are prepared. 


* This appendix is adapted from a paper which was read before the Engineers’ Club of Philadelphia, by M. F. H. 
Lewis, October 17, 1891. See also paper by Mr. Lewis before Engrs. Soc. W. Penn., in Engineering News, April 25, 


1895 (Vol. XXXIII, p. 276). 
+ The reader is referred to Prof. Johnson’s Materials of Construction (1897) for a full working knowledge of all 


kinds of steel and other kinds of building material. 


to commit themselves on this subject. It seems likely, if there is a considerable market for it, under stand. 
ard specifications, that the cost will be reduced to that of wrought-iron, or lower; but it also. seems likely 
that this will not transpire until we do use it and cheapen it by making a market for it. Within the last 
few years quite a number of engineers have evidently formed favorable opinions of this grade of material 
and have essayed to use it, but under conditions which do not seem to be entirely warranted. In one or 
two cases they are reaming it, just as they would medium steel; but this can hardly be regarded as an 
advantageous procedure, because, first, the metal is not of a character adapted to reaming, being of a soft, 
waxy texture, which drags on a tool and clogs it, making more expensive work than medium steel; and, 
second, we are not warranted in figuring it at high enough unit stresses to cover this expense. We 
might, perhaps, rate the unit stresses at 15 per cent higher than wrought-iron ; but such a percentage will 
certainly not pay the cost of reaming, added to the extra cost of the material. Again, several engineers 
have been using soft steel under the same conditions as wrought-iron, but with the higher stresses which 
have been adopted for medium steel. It is an open question whether such a course as this is warranted by 
the facts of the case. It is not necessary, in the first place, to figure it so high to place it on a par in cost 
with wrought-iron; and then the material is certainly not of equal value with reamed medium steel, for the 
reasons, first, that its elastic limit and ultimate strength are both lower, and, second, because reaming 
undoubtedly adds to the value of any grade of steel, or of wrought-iron, for that matter. 

The correct solution of the matter would appear to be to strike a balance between the cost of soft steel in 
bridge structures, as compared with wrought-cron on the one hand, and medium steel on the other, and to rate 
zt accordingly zf we are fully warranted to do so, at unit stresses high enough to overcome the difference tn 
cost. The present difference in cost between wrought-iron and soft steel may be reckoned about as follows: 


Costioft wrought-iron; Say.z.© dew. septate sears eciatgs pateraohs siniah SSeiolaudh orgs eos aL OD. 
increased weight of steel 2-pen-centsse «1 «sexs.e00 das to cic 3, or PaPevelslevopelerersetelstsnercle eee 2 
Add increased cost of soft steel 5 per cent (not well maintained)...........0000006. 5.1 

Mota tn ects nad rae kt alahe bene tar eu ficry. ors) sie shatelevestene ste e/-ofer slate) al@xoveh sone tere epee 107.1 


In other words, the cost of soft steel is nominally a little over 7 per cent higher than wrought-iron. In 
the shop there would be a slight saving in using soft steel due to a rivet saved here and there, and other 
small savings, provided we can use it just like wrought-iron. The writer takes it for granted that the pro- 
priety of using soft steel, having an average ultimate strength of 58,000 pounds, at unit stresses in compression 
10 to 15 per cent higher than wrought-iron, will not be seriously questioned; that is to say, under the actual 


conditions in which it is used in our bridges, or with values of — not exceeding 150. The propriety of using 
ie 


soft stee\ under higher unit stresses than wrought-iron hinges then upon its qualities in tension in flanges 
of girders and in the tension members of trusses ; and this phase of the subject will now be discussed some- 
what at length: 


Whether Soft Steel, after Punching, constitutes a Good Tension Member. 


If left to our practical shopmen, there would probably be no hesitation whatever on this score. It is, 
perhaps, no exaggeration to say that for exacting conditions of all sorts it is becoming more and more the 
practice to substitute soft steel. It is being used for latticing, because it will not split; it is being used for 
the hitch angles of stringers and floor-beams, because it will not crack; it is being used for pin plates on 
suspenders, and in various other ways where its superior qualities have been practically shown to practical 
men. It is necessary to get more conclusive evidence than this, however, and the presentation of this evi- 
lence, as I have been able to collect it, follows below. The writer wishes it understood at the outset that 
in nothing which follows is there any attempt to show that reaming is not a good thing fer se. On the 
contrary, the tests given below show that it generally benefits soft steel whenever the metal is over 8” thick. 
It is well to state this very clearly, because otherwise the discussion might hinge on the relative merits of 
punching and reaming, which is not now at issue. We cannot ream soft steel and use it economically. 

The question is not, therefore, whether punching is better than reaming, but whether we are as fully 
warranted to punch soft steel as we are to punch wrought-tron. Weare punching iron for all conditions of 
work ; and 2 soft steel holds cts value after punching as well as or better than zron, then we are clearly free to 
use it tn the same way. To test the question it is only necessary to take tested samples of iron and steel, 
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and after punching them under the same conditions, again test them, and by simple rule of three ascertain 


which holds its value best. This has been done in the tables which follow. Except where noted in the 


tables, the values obtained in specimen tests are always rated at 100, and the values after punching are rated 
by percentage from this basis. 


TABLE. I. 


U. S. GOVERNMENT TESTS OF RIVETED LAP-JOINTS AT WATERTOWN ARSENAL. 


REPORTS OF 1882-83. 


EAUIN CE. ED HOLES: 


Grooved Iron. Grooved Steel. 
Specimen. Kind of Joint. |Specimen Test. | st pecren Percentage.||Specimen Test. | Nee rahe Percentage. 
Ultimate. Ultimate, 
( 47,925 43,230 go 55,705 60,250* 
: ; 45,520 95 e 59,240 10 
| Single lap 4 ws 52,160 109 
10" X 3” plate \ 54,930 II 5 
iS 50,592 1Ke) es 1,510 I1IO 
Boublolap ( 2 49,950 104 oe 60, 300 108 
Mean = 103 Mean = 108 
(} 47,180 36,130 77 53,330 55,215* 
os 41,750 89 us 65,460 123 
( Single lap ec 41,290 Gf ot 65,210 122 
| : eS ee 131 cf 73,394 138 
to” Lela UG 58,510 124 oe 73,970 139 
0” X #” plate 1 & 48,450 103 «e 62,800 118 , 
oe 50,730 108 ef 64,720 121 
L! Double lap “ 46,255 98 6 63,210 11g 
R sy 46,110 98 54,930 103 
Mean = 102 il Mean = 121 
( 44,615 31,100 70 57,215 60,210 105 
Single lap “ 31,395 79 i. | 49,590 87 
te { ss 35,050 80 s 47,530* 
10” X 4” plate | (i “te 44,320 99 gs 64,602 113 
$ 42,920 96 = SS 64,519 101g) 
Double lap ae 46,400 104 ss 68,920 120 
Ue 46,140 104 ee 66,710 118 
Mean = 89 _ Mean = 109 
Single lap | 44,630 es ke at aes 
ZO" XE" plate “ 43,580 8 ee 69,680 133 
D io 43,5 9 9 
ouble lap ve 45,850 103 cs 67,100 128 
Mean = 89 _ Mean = 131 
: : 46,590 ° 29,290 63 51.545 39,970 78 
ise ane single lap c 30,730 66 47,370 92 
o P Bostic | “ 42,000 go 48,970 95 
ORs ss 43,950 94 es 47,510 92 
Mean = 78 Mean = 89 


* Did not rupture the plate. 


This table is derived from a series of tests of riveted joints which appear in the Government Reports 
of tests made at the Watertown Arsenal. In this series of tests, with which many members are, no doubt, 
familiar, steel and wrought-iron were compared under practically the same conditions through a long series 
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of tests of both punched and reamed material, and the ultimate strengths of the samples were very carefully 
determined by tests on grooved specimens. The conditions were not always exactly identical, as the rivets 
were sometimes of wrought-iron and sometimes of steel, and the joints failed accordingly, sometimes by 
shearing the rivets and sometimes by tearing the plate. I have endeavored, however, in this table to com- 
pare, on essentially similar terms in each case, the behavior of the wrought-iron and of the steel. The 
table includes every punched test in the series which failed by tearing across the sheet, and also includes a 
few tests which failed by shearing, but which probably developed nearly the full value of the material. 
These last tests are indicated by stars. Unfortunately, the elastic limit was not determined in these tests, 
and no comparison can therefore be made between the elastic limit of the specimens and the elastic limit of 
the riveted joints. The ultimates, therefore, only are compared, and the relative ultimate strength 
developed in net sections at the joints is figured out in the columns headed “ Percentage” throughout the 
table. It will be found that not only does the steel show less loss in ultimate strength as an effect of 
punching than the wrought-iron, from an average of these tests, but in every identical test, with one 
exception, this fact is also true, and as the thickness of the pieces ranges froms }” up to #”, the series is very 
complete. It is true some of this steel is a little softer than the soft steel which it is proposed to use for 
bridge structures; but, on the other hand, the iron is also of good, soft quality, probably boiler-plate iron, 
as the tests indicate it to have an unusually large percentage of strength across the grain. It would, 
therefore, probably give better results than ordinary wrought-iron would, and the comparison is therefore 
a fair one. ‘ 

[Nore.—In Table Iaare given the results of tests on iron and steel single-riveted butt-joints with punched 
holes, as compared with the strength of the grooved plates. This is the kind of riveted joints used in 
structures, and hence indicates more fully the relative effect of punching iron and steel in structural work 
than the tests in lap-joints given in Table I.—J. B. J.] 


TABLE Ia. 


RELATIVE STRENGTH OF IRON AND STEEL SINGLE-RIVETED BUTT-JOINTS WITH 
PUNCHED HOLES.* 


Iron Plates. } Steel Plates. 
Rear ipa Pitch No. of 
ness of Rivet- f 2 
Brie oles! Rivets, Tests. pirengines Ne aceon ee f Per cent streng tO: eee S Ens Per cent 
f Ri F ° roove : trength of 
Plate. fo) Gere Joint, of Excess. Plate. of pate Joint. of Excess. 
Pounds Pounds Pounds 
per sq. in. | per sq. in. | per sq. in. 
£in. £in. 2 in. 2 47,180 46,620 |— 560 | — 1.2 53,330 62,000 + 8,670 | + 16.2 
é Ape F 
tin, + in. 2 in. 2 44,615 46,270 | + 1,655 | + 3.6 57,215 67,820 | ++ 10,605] + 18.5 
: Ang , 
gin. | tygin. | 2din. 2 44,635 | 43,300 | — 1,335 | — 3.1 52,445 62,380 | + 9,835 | + 18.8 
: AE j ; 
gin. | Iygin. | 2gin. 2 46,590 | 42,020 | — 4,570 | — 10.9|| 51,545 54,425 | -+ 2,875 | + 5.6 


[This table shows that whereas wrought-iron riveted plates are weaker than the grooved specimen tests. 
the corresponding steel-riveted plates are much stronger.—J. B. J.] 

Table II is also from the Government tests at Watertown, and consists of comparative results obtained 
from grooved specimens alternately drilled and punched. The percentages of this table are made up by 
rating the ultimates of the drilled specimens at roo, and in this table also it will be found that the steel is 
less impaired by punching than the wrought-iron. The steel and iron used in these tests are the same 
material as that tested in Table I. 


Eee 


* 
From Watertown Arsenal Reports of Tests of Metals, etc., for 1882 and 1883, given also in Lanza’s ‘“Mechanics.” 
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REPORT OF 1892. 


: " " 
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TABLE II. 
U. S. GOVERNMENT TESTS OF GROOVED SPECIMENS AT WATERTOWN ARSENAL 


" 


>1< 
Iron. 
= Specimen. 
Drilled. Punched, Percentage. 
44,980 38,950 86 4” X 3" wide 
47,030 37,200 79 = @ 
45,330 35.730 | 
45,000 30,090 " wh ie 
46, 100 37.000 | 81 3X4 
37,420 

82 
47,220 49,770 105 &” & 1” wide 
48,350 52,960 110 ss es 
ATT On 46,320 98 oe ui 
46,350 46,750 IOI ne aly 
48,220 40,140 83 Re 3 
44,840 37,310 83 ae ae 
45,100 6“ se 

97 
47,500 50,840 107 3” X 1” wide 
52,780 47,590 68 aeons 
48,470 45,970 95 eS 
47,750 40,350 84 OES ne 
46, 350 39,380 85 

92 


479 
Steel. 
Drilled. Punched. Percentage. 
66,310 60, 320 93 
66, 190 62,430 94 
64,470 48,010 
64,810 55,190 80 
64,690 | 55,780 
64,140 ) 46,250 J 
89 
60, 290 66, 720 110 
63,610 64,800 102 
63,450 64,400 102 
59,270 57,180 96 
60,330 54,450 go 
61,120 57,380 94 
99 
58,480 67,930 116 
58,790 67,630 115 
59,290 62,890 106 
58,700 56,730 96 
59,180 54,220 92 
105 


[Norr.—Table II might have been greatly extended by including the tests reported in 1883. The 
following table gives the summaries by averages of all such tests made at the Watertown Arsenal.—J. B. J.] 


TABLE Ila. 


RESULTS OF TESTS* SHOWING EFFECTS OF PUNCHING WROUGHT-IRON AND MILD-STEEL 


READES: 


SUMMARY OF WATERTOWN ARSENAL TESTS; 


.? " " 
Shape of specimen: | 1"to 4 | 


> 1% 
# Iron Plates. Steel Plates. 
Thick- . 
Width at Bottom Loss 
ness of Average Average Percent- Average Average Percent- 
Plate. of Groove. No. of Sicagth Strength poe tor age Boia Strength Strength pio age 
Tests.| ‘Drilled. | Punched. |*U"°8-) of Loss. ‘| Drilled. | Punched. | “jig” | of Loss. 

Pounds Pounds Pounds Pounds Pounds Pounds 

per sq. in, | per sq. in. |per sq. in. per sq. in. | per sq. in. |persq.in. 
din 4 in. to 3 in. 42 50, 100 43,500 6,600 31 64,200 61,800 2,400 3.7 

: % 
gin I in. to 34in. 9 48,500 40,000 8,500 17.5 I 63,620 61,890 1,730 a7 
+ in. I in. to 4 in. 15 47,100 40,300 6,800 14.5 17 66,030 58,160 7,870 12.0 
i i i 60 210 10 61,050 59,740 1,310 2aE 

in. | rin. to 4 in. 8 | 46,670 43,460 | 3, , (Gain). \eGainiet 
in. | 1 in to 33 in. 5. | 48,570 44,650 3,920 5 | 58,890 61,880 | 2,990 5.1 


* From: Watertown Reports of Tests of Metals, etc., for 1882 and 1883; given also in Lanza’s ‘‘ Mechanics.” 
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[Notr.—By comparing Tables Ila and Ia we see that wrought-iron punched plate is, say, 12 per cent 
weaker than the same drilled, and that the riveted sheet is, say, 4 per cent -weaker than the punched plate, 
or the total weakening of wrought-iron has been some 16 per cent, while there has been a corresponding loss 
in strength of the punched steel plates of, say, 3 per cent, but a gazw in strength of the riveted steel plate 
over the punched sheet of, say, 15 per cent, or a et gazn of some 12 per cent. This is the average gain in 
strength of a punched and riveted steel plate as compared with the drilled grooved specimen.—J. B. J.] 

In these Government Reports will also be found some interesting tests on the tearing out of rivet-holes 
n steel and iron. Unfortunately the series is limited to }” metal, and is consequently of limited value. 
in 2’ metal the difference between punched and drilled holes is very small indeed. So far as these tests go, 
however, they show that steel wzth punched holes and sheared edges gives better relative results than tron with 
drilled holes and planed edges. 

Not long since, it was the writer’s good fortune to find a very interesting series of comparative tests 
of iron and steel on record at one of the larger iron-works of this district, and through the courtesy of the 
proprietors he has been able to examine it to determine the same ratios given in the tables above. As 
the complete results will probably be published, the details will not here be given, but only the general 
results. The tests are important, because punched, reamed, and drilled specimens of iron and steel are com- 
pared under exactly similar conditions, and the series comprises some fifty or sixty tests. The bars used for 
the purpose were 6 x 4, 6 x %, and 6 x 4 respectively in both iron and steel, the steel having an ultimate 
strength of about 64,000 pounds, and the iron an ultimate strength of about 52,000 pounds, and both grades 
of material were of excellent quality. The writer has checked up the entire series and finds that che steed zs 
very untformly less injured by punching than tron ,; the average difference being about 10 per cent in favor of 
steel, and this difference is essentially true of all tests save, perhaps, one in the series. Thus, if we rate the 
average ultimate strength of the steel in specimen tests at 100, the average ultimate of the iron in specimen 
tests would rate at 83; but rating the average ultimate of the punched steel on net sections at 100 per cent, 
the average ultimate of punched iron on net sections would rate at 714 per cent. More than this, a com- 
parison of the punched specimens with the reamed ones in both cases shows the iron to have been quite as 
much benefited by reaming as the steel. 

In Table III are given some tests of wrought-iron, soft steel, and medium steel, which have been made 
recently under the auspices of the Pittsburgh Testing Laboratory. Some of the specimens were tested with 
open holes and some with rivets in the holes. In these tests the elastic limit was taken in all cases, and it 
will be observed that with punched holes the material retains its full value at the elastic limit, and indeed 


generally records a gain in this respect, showing the punching to have made the metal harder and denser. . 


In the series of tests with rivets driven in the holes, it is evident that generally the rivet acted as a splice, 
and the elastic limit is really that of the gross section. The tests on their face hardly indicate as high 
values as this, but the fact seemed to be as stated. The heating in riveting no doubt softened the metal and 
reduced the elastic limit. 

In Table IV a number of tests of punched medium steel are given, and also two of hard steel. With the 
exception of the latter grade of metal, a comparison of results decidedly favors the steel. 

It will be evident to any one who examines the facts here presented that there are several points 
suggested by these tests which are not proved, and which can only be demonstrated by more extended tests. 
The field for such experiments is evidently an ample one. But on the definite question raised in this paper 
may it not be said that the tests presented, whether considered as a whole or in detail, are positive evidence 
that the tensile strength of structural steel 7s injured rather less by punching than 7s the tensile strength of 
wrought-cron? It is not the writer’s intention to claim that this demonstration is conclusive, much less 
exclusive of testimony to the contrary. But it is entirely true so far as the evidence goes ; and this evidence, 
as presented, is entirely full and candid, including everything that the writer was able to find bearing on this 
subject, and the entire series of ninety special tests made under his own direction. He has no idea that it can 
be successfully gainsaid. As conclusions suggested, but not demonstrated, he would state the following: 

(1) The thicker the metal the greater the injury in punching steel. 

(2) The softer the steel the less the injury in punching ; but, 

(3) The first conclusion zs the major factor ; the grade of the steel making much less difference than the 
thickness of the materéal. 

(4) The effect of riveting 7s advantageous, increasing the strength of net sections. 

Conclusions 1 and 2 have ample support from other sources and may be considered as facts. Thus 
Kirkaldy’s recent book, in commenting on his well-known series of tests of Fagersta plates, speaks as 
follows: “ Punching is less detrimental the softer the plate; the great difference produced by punching is 
due to its hardening effect upon the plates, which becomes more severely felt as the thickness increases. ~ 
In proof of this he then gives the elongation of holes at the fracture, in a series of tests of #4, 8", 4", and 
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TABLWANG 


TESTS OF MEDIUM STEEL AND HARD STEEL. 


— ie 


Specimen Test. Punched Piece. Reamed Piece, 

Test cut from. a 

BE. L. Ult. Jong: || meee b Cts Ult. Pacts LOB. | lee (le, Ult. Pacs 
i XK he 60 | 102 57,010 72,700 | 105 

Medium 8” & +’ plate 69,280 | 20.25 || 51,080 70,4 

Steel, rea Se tr plate 41,750 | 67,600 | 20,50 |] 45,550] 109 | 66,190] 98 53,460 | 128 | 72,180] 107 
Riveted ot” x 24” plate 39,460 | 68,540 | 29.38 || 48,900] 124 | 56,690] 83 41,720 | 106 | 71,630 | 105 
Holes |6” X 6” ¥” angle 40,090 | 66,340 | 25.38 || 45,970 | I15 | 23,300] 80 46,990 | 118 | 68,550) 103 
ag iy 38,400 | 67,070 | 23.00 || 45,100] 118 | 52,300] 78 47,450 | 124 | 66,840} 99 

Mean| 88.2 Mean) 103.8 


Av. elong. in 872490 p. ct. ||Av. elong. in 8” = 8.75 p. ct. 
Medium 7’ X #" plate 41,190 | 61,080 | 19.50 || 40,610 99 | 54,260 89 45,420| I10 | 58,980| 97 


Steel,Open| 6” x 6” X $” angle | 33,010 | 66,790 | 23.75 || 33,950 | 103 | 63,540] 95 || 35,710} 108 | 66,740 | 104 
Holes 


Mean] g2 Mean! 100.5 
Av. elong. in 8”=8.50 p. ct.|| Av. elong. in 8’ = 12 p. ct. 
HardSteel, 35" X #” plate 48,380 | 81,120 | 22.25 || 55,430] 115 |57,420| 71 67,500 | 139 
Open #7" X i,’ plate 44,890 | 73,040 | 22.75 || 46,000 | 102 | 55,200] 69 435779 |" 98) || 7i,;210) nos 
Holes 
Mean| 70 


* This specimen had a flaw in it. Form of specimens same as in Table III. 


&” plates, as follows: With drilled holes 5.7, 14.1, 17.2, 18.7, and 19.0 per cent, with fractures all silky; with 
punched holes 3.2, 9.6, 13.5, 3.2, and 1.9 per cent, with the last two fractures showing 95 and 100 per cent 
granular respectively. Then he anneals the specimens in a similar series, to remove the hardening effect, 
and gets elongations as follows: With drilled holes “ extensions of 11.5, 16.3, 19.4, 21.0, and 21.9;” with 
punched holes “ 10.3, 14.6, 18.1, 19.3, and 20.7 per cent, all fractures being wholly silky.” This makes a very 
pretty demonstration. 

Kirkaldy compares the ultimate strength of drilled and punched specimens in these same tests, as 
follows: When not annealed, the strength of punched pieces as compared with drilled ones showed losses 
of 7.92, 8.10. 7.53, 23.45, and 26.22 per cent respectively. When he anneals the specimens, however, the 
punched pieces show losses of but 5.85, 6.70, 6.74, 7.08, and 7.18 per cent respectively. “This manipulation 
or treatment rectifies the injuriousness of punching to a great extent,” he says. This is argument for con- 
clusion No. 4, because, evidently, so far as the rivets anneal and soften the metal they benefit it and lessen 
the injury in punching; and, evidently also, this advantage accrues more to thick metal than to thin 
because the original injury was greater. The tables in this paper appear to offer evidence that this beneficial 
effect of riveting is an actual fact; certainly, the riveted pieces show higher percentages than the pieces 
with open holes.* Regardless of any such effect, however, the fact that punching ¢s more injurdous in thick 
material makes tt desirable touse moderate sections in tension members and in floor-beams, stringers, and girders 
subject to tmpact. 

In concluding the discussion of the tables, attention is called to the elongation of the punched 
steel pieces in a length of 8 inches. The stretch is, of course, necessarily confined chiefly to the three holes - 
but the percentages are given in 8-inch length, to show what it might be expected to average in any long 
riveted member. 

Having thus reasonably demonstrated more than an equal standing for our punched steel, we could 
logically claim for it unit stresses from 12 to 15 per cent higher than for wrought-iron. In the specifications. 


however, it was thought well to be conservative on this point, especially as it is not necessary to figure soft . 


steel so much above wrought-iron in order to make the cost practically the same. The unit stresses. 
therefore, for soft steel in tension are placed at 8 per cent higher than wrought-iron, and in compression 10 
per cent higher. These figures are conservative, and the remainder is so much advantage to the bridge 


structure. 
* This is probably due more to the frictional resistance to movement under the rivet heads than to the annealing 
action of the hot rivet.—J. B. J. 
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It will be observed that web-plates are required to be of steel in all cases. It is, of course, impracticable 
to dimension web-plates for unit stresses. It would, however, be absurd to use steel angles in connection 
with an iron web, since the equal strength of steel plates in all directions exactly fills the condition of a web- 
sheet, and makes them particularly desirable for such purposes. There is, besides, good reason for throwing 
iron web-plates out altogether, because of poor quality. It is doubtless no longer profitable to make a first- 
class iron web-plate ; hence many of those now sold are of very doubtful quality, and owe whatever virtues 
they possess to the percentage of steel which they contain. It will be noted that both iron eye-bars and soft 
steel eye-bars are ruled out of the specifications. Excepting with the most conservative, the iron bar has 
already been practically superseded, because steel bars are now cheaper and have besides abundantly 
demonstrated their superiority. As regards soft steel bars, there is no reason, on the face of it, why soft 
steel should not make a good eye-bar : it doubtless would; but medium steel has been found to answer the 
requirements with entire satisfaction, and, after annealing, is considerably softer than when tested in its 
natural state in small specimens. 

There is a practical reason also for not using soft steel in the fact that it is more apt to have piping and 
blow-holes in it than medium steel. This is not objectionable in angles or plates where these defects close 
up and disappear ; but it is objectionable in large masses, like pins and forged bars. It was not thought 
worth while, therefore, to introduce a soft steel eye-bar in the specifications. The result is that the soft 
steel is limited to compression members, to girders, and to riveted tension members, and the idea in fixing 
the unit stress has been to place it for these purposes on a par with other material; possibly to give it a 
little advantage to overcome the inertia of manufacturers who have been accustomed to using wrought-iron 
only. It is possible that it is not necessary to make as much allowance as has been made, or perhaps it 
should be increased to suit different cases. 


Screw Threads on Steel Bars. 


There is one point more that may require special mention—that is, the provision of the specifications 
permitting steel bars to be used with upset screws on their ends. This is probably the last point that 
engineers are ordinarily willing to concede in regard to steel; that is, the possibility of putting a screw- 
thread on it; nevertheless this may be done with entire success, and in evidence thereof the following tests 
are submitted ; 


TABLE V. 
TESTS AT EDGE MOOR BRIDGE WORKS OF STEEL EYE-BARS WITH UPSET SCREW ENDS.* 
Eye-bars. Size. Length. Elastic Limit. Ne ore Benue Oc: PEE Remarks, 
No. 1 Buea eth ike 39,370 61,620 12.66 (33’) 48.08 Broke in long end 
No. 2 Le SIEG Bia Ou 37,700 59, 240 15.63 (27’) 51.42 Broke in short end 
No. 3 SHEL 37’ of" 38,170 62,470 I1.71 (33°) 43.48 Broke in long end 


These tests are certainly crucial tests, as it would be impossible to imagine a more difficult upset than 
to put a round screw-end ona 5 x { bar. 

Not long ago one of the leading Southwestern railroads desired to renew a large number of hangers, 
which were necessarily limited in size, because of the place they had to fit. In this connection Mr. 
Henry G. Morse, and President of the Edge Moor Bridge Works, had some experimental tests of steel 
hangers made. The results of these tests are given in Table VI. 

The material that was put in the hangers was taken from stock, being ordinary steel rounds which 
had been ordered for cotter pins. Attention is called to the fact that the excess in areas at the root of the 
thread on these hangers was but 7 per cent, and it may well be doubted whether iron hangers could have 
stood as severe a test. 

The tests which have been presented show that the steel held its value, after punching, better than iron, 
up to say #” thickness, when the percentages in«steel and in iron were just about equal. But these tests 
also show that the value of the steel decreased quite rapidly as the thickness increased ; the percentages 
running down from about 100 at 8” thickness to 75 at }” thickness. 

In iron the percentages seemed to be much more constant, the range being only from 82 to 72 per cent. 
(See Tables III and IV.) In order to make this fact more clearly apparent, the results are plotted asa diagram, 


* This table is of little value without some knowledge of the relative net areas on screw and-bar portions. 
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TESTS AT EDGE MOOR BRIDGE WORKS OF STEEL STIRRUP HANGERS AND UPSET RODS, 


: Area. i i 
Stirrup Diameter eae Hissiig earner eee ye Mes Remarks. 
Hangers. of Bar. | Thread. Orig. Fract. ae haw cent. per cent. 
| 
oke in one leg. 
No. 1 1.75 1.81 Di fist 2) 38,540 59,780 Zone 48.096 Por on may 
No. 2 1.75 1.81 2.41 1.09 37,760 58,990 20.33 54.72 |Broke in bend. 
No. 3 1.75 1.81 2.41 -95 37,760 58 ESeny 60.58 |Broke in bend. 
Upset Rods 
No. I 175 1.81 2.41 I.gI 34,610 55 16.67 20.75 |Broke 2’ 9+} from end, 
No. 2 Tes 1.81 2.41 2.06 40,900 56 11.67 14.52 |Broke 2’ 53” from end. 
No. 3 1.75 1.81 2.41 -99 | 37,760 5 33-33 58.92 |Broke. 


in Fig. 451, which shows the percentage values of the punched iron, the punched steel with open holes, and 
the punched steel with riveted holes for different thicknesses of metal. It also shows a mean line for steel. 

In addition to this decline in percentage value, there was a gradual change in the character of the 
fracture from fine silky in ” material to 100 per cent granular in the 3” material. This gradual change is 
shown by the photographs in Plate XX XVIII, which indicate how the granular structure first appears at the 
edge of the holes and radiates from them in larger percentages as the thickness increases. In order to show 
the latter characteristics more fully, Table VII, is inserted, which gives the details for most of the tests of soft 


Percentage value after punching 


Thickness of Metal 


Fic. 451. 


and medium steel which appear in Tables II] and IV. The tests of iron did not, of course, show granula: 
fractures, since the normal structure of iron is not granular, as that of steel is. But it was apparently very 
dead, and it would be difficult to say which of the two metals was more reliable at 2” thickness. The writer 
is disposed to think, however, that this decrease in value and increase in granular fracture in thick steel 
should be considered, regardless of a satisfactory comparison in ultimate strength with wrought-iron of the 
same gauges. He has decided, therefore, to limit the thickness of punched material in the specifications, 


PLATE XXXVIII. 


All Fibrous, 


All Granular, 


Notr.—See also cuts showing effects of shearing and punching soft-steel plates in Johnson’s Aaterz- 
als of Construction, pp. 531 and 532. 


n 


Showing the Effects of Punching Mild-Steel Plates of Different T bicknesses. 


SCALE FULL SIZE. 


Ae a es 
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and to do this for most members by drawing the line at the gauge in which the crystalline fracture becomes 
evident and the stretching qualities decline. From Table VII it is apparent that all the tests are satisfactory 
until we pass 3%” thickness. Above that gauge there is but one test which would pass muster on the basis 
here proposed. A third condition to the use of soft steel has therefore been added, limiting to 4 inch the 
thickness of material subjected to punching, excepting that in girders over 50 feet long it may be 3%”, in top 
chords and end posts it may be %”, and in shoes, pedestals, and bed-plates it may be 2”, 


‘ABLES Vi. 


DETAILS OF PUNCHED TESTS GIVEN IN TABLES III AND IV FOR SOFT AND MEDIUM STEEL. 


Elastic | Ultimate 
Thick- P Limit Strength Stretch Stretch Charact f 
Specimen cut from 2 Sen ANS ayy ||| OL le, Hee: 
aes a oi a oe per cent, Gera Fracture. Ce Reet 
ae ie x A Bess 58,840 | 64,230 8.50 46.9 Silky Soft steel Riveted holes 
ts, oy x i, 50,780 | 59,600 8.00 40.8 ie oe as Ss &¢ 
1g, 8" as eae 51,080 | 70,460 agi 29.6 ee Medium steel ss ng 
e te Sa g me 51,620 | 61,220 7.50 36.1 oe Soft steel ae ug 
3s 4 x 3 x 3" 6é 38,170 50,330 7.25 ee ce Open “ce 
cy Ih < s. se 40,610 | 54,260 9.50 Medium steel Se ee 
= 12" < 3 Hs 47,450 | 48,960 A775 34-0 |20 per ct. gran.| Soft steel i! se 
+ ec a x ots os 45,550 | 66,190 7.00 32.6 Silky Medium steel | Riveted “‘ 
ai 6” X 6" Xx 2s OPE e 8331050) | 031540 7.50 : of sc Open  ** 
Ts, 193 x ts. Bess. 38,950 | 52,400 7.50 48.9 Silky Soft steel ee << 
15. T2640 OH. 35,310 | 58,890 8.75 sf es ce ce 
+3 18” x 48” Bess. 45,080 38 3.09 Granular FSta 6 ss OY 
” 144” S< 3 “ec 43,820 62 4.25 oe ae “e “cc “ce 
ai” LOL ooh Ost 48,900 | 56,690 75 7.22 ss Medium steel | Riveted ‘ 
4h” 8” & 11” Bess. 44,170 | 45,500 3.50 23.4 |70 perct. gran.| Soft steel @penime 
DM pe a ey OU 40,070 | 41,180 75 6.38 Granular Gee Ce ae < 
gi (HSS EM LO NS 45,100 | 52,300 1.50 Weaae ss Medium steel | Riveted ‘“ 
gi ee “e oe 45,970 53,300 153 5.15 “ce ce 6é “e “ce 


SPECIFICATIONS FOR FIRST-CLASS BRIDGE SUPERSTRUCTURE-* 


GENERAL DESCRIPTION. 


1. All parts of the structure, except ties and guard-rails, and bed-plates of stringers, shall 
Materials. be of wrought-iron or steel. Stringer beds will be cast-iron. Cast-iron or steel for other 
purposes will only be used for special conditions at the discretion of the Chief Engineer. 
2. Ties and guard-rails shall be of wood. They will be supplied by the railway company, 
Ties and guard- but must be put in place by the contractor, who will also furnish all bolts, nuts, washers, etc., 
oe (except rail spikes), for this purpose. 
‘Ties on tangents will be 8 inches by 1o inches, laid on 8-inch face and spaced 14 inches 
between centres; guard-rails will be 7 inches by 8 inches, spaced 8 feet between centres. 
On curves the outer rail will be elevated 4 inch per degree, and this elevation will be 
framed in the ties, as no shims will be allowed. 
Ties will be notched % inch over stringers, and guard-rails $ inch over ties. 
Guard-rails will be bolted to each end of every other tie; and ties and guard-rails will be 
secured to stringers by hook bolts at each end of every fourth tie. 
3. For spans of 16 feet or less, rolled beams will be used, and from 16 feet to 100 feet, 
riveted plate girders. All spans over too feet will be pin-connected trusses.t 
4. Beams or deck girders on masonry will be spaced 7 feet o inches centre to centre (ties 
Io feet long). Riveted stringers on through single-track bridges and on trestles will be 
Stringer-spacing. Spaced 9 feet centre to centre (ties 12 feet long), beam stringers 8 feet 6 inches on double- 
track through bridges 7 feet centre to centre, symmetrically disposed under the rails. 
Tracks will be 13 feet apart centre to centre. 


Superstructure, 


* Compiled by F. H. Lewis, C.E. + See Chap. XVI. 
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5. Through bridges on tangents shall not be less than 14 feet in width in the clear be- 
tween trusses for single track, and 27 feet for double track, nor less than 20 feet in height in 
the clear, measuring from base of rail to the lowest point of portals. 

6. On curves the truss on the convex side will be 7 feet from the centre line at the middle 
of the span; at the ends of the span the truss on the inner side of curve will be spaced 7 feet 
+ 0.2d feet from the centre line, d being the degree of curve. 

The case of a curve near enough to a bridge to require elevation of the rail will also be 
considered and provided for. 

7. Deck truss bridges on tangents wiil be spaced at least 10 feet centre to centre of 
trusses. 

8. Through plate girders will be spaced at least 13 feet » inches centre to centre on 
tangents. 

g. Stringers, deck girders, and deck truss spans on curves will be spaced as may be neces- 
sary to suit the circumstances and to satisfy the Engineer. 

1o. All structures will be simple in design, and admit of accurate calculation of the 
stresses in each member, 

11. Pin trusses will be in all ordinary cases of the single-intersection type with leaning 
end-posts. 

12. All end-posts of through-pin spans will be braced by collision struts, and the end- 
panels of the bottom chord and the vertical suspenders will be stiff members. 


PROPOSALS. 


13. Proposals for bridge-work will be submitted on invitation of the Chief Engineer, and 
must conform with these specifications, with general plans or descriptions furnished by the 
Engineer, and with other conditions provided for in the letter of invitation. 

14. Complete strain sheets, general plans of structure, and detail drawings, shall be fur- 
nished to the Chief Engineer of the railway company without charge. 

The stress sheets must show for each member the maximum stress or stresses caused by 
the dead load, the live load, and the wind separately; the unit stress and the dimensions and 
areas of cross-sections. Also the dead weight assumed in the calculation, which must not be 
less than the actual weight of the structue as built. 

15. It will be noted that the specifications below provide as follows : 

(1) That all eye-bars and pins shall be of medium steel (see §§ 133 and 146). 

(2) That all web-plates shall be of steel (see § 76). 

(3) That loop rods and all other devices which are welded shall be of wrought-iron. 

These requirements, as defined below, are common to all bridges, whether built of 
wrought-iron, soft steel, or medium steel. The other parts of bridges, however, may be built 
of such grades of material as the contractor may elect, provided only that each member and 
each set of members performing similar functions must be of the same grade of material 
throughout. 

16. Complete detail drawings must be submitted for approval to the Chief Engineer, and 
work will not be commenced until the stresses and details have been approved. The Chief 
Engineer or such assistants as he may appoint shall have free access at all times to the work- 
ing drawings and shops of the contractor for the purpose of examining the plans and 
inspecting the material used and the mode of construction. 

17. The contractor shall furnish to the Chief Engineer of the railway company, free of 
cost, such detail drawings of each structure as he may require. 


LOADING. 


Live Loads. 


18. Live loads will be as per diagram furnished by the Chief Engineer. 

19. The structure will be proportioned to carry the live loads as per diagram, and the 
live load stresses will be the maximum stresses produced by the rolling load considered as 
stationary or as moving in either direction. In double-track structures, one track or both 
will be considered loaded, whichever may produce the greater stresses, and the trains will be 
supposed to move either in the same or in opposite directions, 


si ae 


Assumed spans. 
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Dead Load. 


20. The dead load shall consist of the entire structure, including the floor system and 
rails and fastenings. The weight of the ties, guard timbers, rails, spikes, etc., shall be taken 
at 400 lbs. per lineal foot for each track. 

The load of the structure when complete shall not exceed the dead load used in calculat- 
ing the stresses. 

21. In through bridges, two thirds (%) of the dead load shall be assumed as concentrate ¢ 
at the joints of the bottom chord, and one third (4) at the joints of the upper chord. 

In deck bridges, two thirds (3) of the dead load shall be assumed as concentrated at the 
jcints of the upper chord, and one third (4) at the joints of the bottom chord. 


WIND IN TRUSSES. 


22. The bottom lateral bracing in deck bridges and the top lateral bracing in through 
bridges must be proportioned to resist a uniformly distributed lateral force of 150 lbs. per 
lineal foot of bridge for all spans of 200 feet and under, and an additional force of 10 lbs. per 
lineal foot for every 25 feet increase in length of span ove 200 feet. 

23. The bottom lateral bracing in through bridges and the top lateral bracing in deck 
bridges must be proportioned to-resist a uniformly distributed force the same as above, and 
an additional force of 300 Ibs. per lineal foot of bridge, which will be treated as a moving 
load. 

WIND IN TRESTLES, 


24. Trestles shall be so proportioned, and the trestle bents shall have such a spread of 
base, that no tension * may occur in the windward trestle-leg when the structure is loaded 
with a light train weighing 600 lbs. per lineal foot of track, and when the wind pressure on 
this train is 300 lbs. per lineal foot, acting 9 feet above the rail. In addition, the wind 
pressure on the structure itself shall be assumed at not less than 150 pounds for each longi- 
tudinal foot of structure, and not less than 100 pounds for each vertical foot of height of each 
trestle bent, and more if the exposed wind surface of track and structure exceeds 5 square feet 
for each foot in length, and the exposed wind surface of each trestle bent exceeds 3} square 
feet for each vertical foot of height. 

In all cases the projected surface of both sides of the towers and of one train is to be 
taken as the surface acted upon by the wind. 

CENTRIFUGAL FORCE. 

25. When the bridge is on a curve, add to the maximum wind stresses a moving lateral 
stress equal to 3 per cent of the live load on ali tracks (acting in the direction of centrifugal 
force) for each degree of curvature. 

26. The effects of wind and centrifugal force in the lateral system of structures must be 
fully provided for at unit stresses given below. 

LONGITUDINAL BRACING AND ANCHORAGE. 

27. Longitudinally the bracing of trestle towers and the attachments of the fixed ends of 
all trusses shall be capable of resisting the greatest tractive force of the engines or any force 
induced by suddenly stopping the assumed maximum trains, the coefficient of friction of the 
wheels upon the rails being assumed to be 0.20. 

Double-track structures will be braced to provide for trains moving either in the same or 
in opposite directions. 

TEMPERATURE. 

28. Variations in length from change of temperature to the amount of 1 inch in 100 feet 
shall be provided for. 

CALCULATIONS AND UNIT STRESSES. 

29. All parts of the structure will be proportioned to sustain the maximum stresses pro 
duced by the live and dead loads specified above, and by the wind and centrifugal forces 


under special conditions provided in paragraphs 26, 32, and 39. 
30. In calculating stresses, conventional assumptions will be used throughout. The 


lengths of spans will be the distance between centres of end-pins of trusses, and between 
centres of bearing plates of beams and girders. 


(* An unnecessary limitation in high trestles. —]. B. J.] 
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Assumed lengths, The length of stringers will be the distance between centres of floor-beams, and the 
he length of floor-beams the distance between centres of trusses. 

The depth for calculation of girders will be the distance between centres of gravity of 
flange sections, provided it does not exceed the distance out to out of angles, in which case 
the latter amount shall be considered the depth. < 

The length of posts will be the centre-to-centre length between pins, except in trestle- 
posts, where the length will be from cap or base-plate to the centres of intermediate struts. 

In estimating the section of the end-posts, the collision-strut connection will not be con- 
sidered. 

Any modification of this will be at the discretion of the Engineer. 

Bending in pins and rivets will be estimated between centres of bearings. 

FORMUL FOR UNIT STRESSES. 

31. The following formule for unit stresses in pounds per square inch of net sectional 
area shall be used in determining the allowable working stress in each member of the 
structure : 

TENSION MEMBERS. 


Wrought-iron., Soft Steel. Medium Steel. 
(a) Floor-beam hangers or suspenders, 
rorved bansecauerer ire eles ; et Will not be used Will not be used 7,000 
COUNLETACIES crersien ferevevee hie elt slots 6,000 Se hy MASS ies 7,000 
Suspenders, hangers and counters, 
riveted members, net section(see 
$140)... eee e cree e cee cece ees 5,000 5,500 7,000 
(6) Solid rolled beams (by moments of 
_dmertia). ss... eee e eee eee 8,000 8,000 Will not be used 
(c) Riveted truss members and ten- 
sion* flanges of girders, net sec- min. min 
tion (see § $2)....... weltemeae 2009 (: te ) 8 % greater than i OO" (: ‘) 
(see § 82) max, a8 Baccs se WEES 
; min. 
Horeeduevie-Darswereyecioieies siete Noises Will not be used Will not be used 0,000 ET ina 
. For eye-bars onl 
(¢) Lateral or cross-section rods...... 15,000 16,000 ( pst ; 


COMPRESSION MEMBERS, 


Wrought-iron. Soft Steel. Medium Steel. 
(e) Chord sections: at ? t + 
in. 
lation dsSmcceimacr esiec iterate . . {7,000 (: + min) —~ Shs 10 % greater than iron 20 % greater than iron 
, min. 
One flat and one pin Enders 7,000 (: + j= 35 )= “ec “ec 66 6é 66 a6 66 “ce 
max, r 
Chords with pin-ends and all end. min 1 
POStSieaeremaetes Sauee cetie tomeiee 7,000 (: + He 40 - ss of Sec <s sé RS 
max./. x 
min. Z 
(f) All trestle-posts.......0e1000006|7:000 (I+ Soe “ 3 eee . < es 
max. e 
‘ Z ce “e ce 66 6 
Ge)elntermediate: posts... .). ene ees 735 00 Sao ry if ONS 
(z) Lateral struts, and compression 
in collision struts, stiff suspen- i, 
derssand stiftchords.......07008 10,500 — 50 - we sé Sess “ “6s 66 
r 


In these formule, 7 = length of compression member in inches, and x = least radius of gyration of member in 
inches. If the allowable stresses given by formula (c) are less than those given by (e), (/), and (g), the former will be used 


* The compression flanges of beams and plate girders will have the same cross-section as the tension flange 
{ Prof, Burr recommends 15 % and 22 % here in place of 10 % and 20 %.—J. B. J. 
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MEMBERS SUBJECT TO ALTERNATE TENSION AND COMPRESSION. 
a ee 
Wrought-iron. Soft Steel. Medium Steel. 


(2) For compression only............| Use the formule above 


max. lesser. 
2 max. greater, 


For the greatest stress..... wees 0/7/3000 (: os ) 8 % greater than iron 20 % greater than iron 


Use the one giving the greatest area 
of section 


COMBINED STRESSES, 


(2) When the cross-ties rest directly on the top chords, the latter will be considered as beams of one panel length, 
subject to the maximum bending that will result from the wheel loads and floor system; the beam to be considered as 
supported at the ends for section in centre of panel, and fixed at the ends for section at the ends of panel. The chords 
will be proportioned to sustain the algebraic sum of the stresses resulting from the direct compression or tension and 
the transverse loading given above, in which the allowed stress per square inch shall not exceed: 


Wrought-iron. Soft Steel. Medium Stee}. 
PMACE NLT Ofepanelixsscslac ciee-en stron 8,000 8,800 9,600 
ENCHENGSTOL PANE! ticrensc iste seisie sense <lels 10,000 11,000 12,000 


ee a Se eee 


SHEARING. 
Wrought-iron. Soft Steel. , Medium Steel, 
(2) On pins and shop rivets.......... 6,000 6,600 7,200 
Oneheldsrivetsics. ae) co. bade 4,800 5,200 Will not be used 
Inswebsiol Pirders, cerssje) cise bis (el Will not be used 5,000 6,000 
BEARING. 
Wrought-iron. Soft Steel. Medium Steel. 
(m) On projected semi-intrados of & 
main pin-holes,.... Seao Una 12,000 13,200 14,500 
On projected semi-intrados of 
PIVEtsNOleSos ceatearsas see a 6% - 12,000 ss ¢ 
Excepting that in pin-connectea bad 


members taking alternate stresses, 

the bearing stress must not exceed 

9,000 pounds for iron or steel 
On lateral pins-...... ag ere een 15,000 16,500 18,000 
Of bed-plates on masonry........| 250 lbs. per square inch 


BENDING, 
Wrought-iron. Soft Steel. Medium Steel. 
(z) On extreme fibres of pins when 
centres of bearings are considered 
as points of application of strains 15,000 * 16,000 * 17,000 * 


* Prof. Burr would use the Launhardt Formula here, the same as for the tension and compression members.—J, B. J. 
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Effeccs of wind in 
truss members, 


Collision struts, 


Stiff suspenders, 


Stiff chords. 


Bending due to 
weight of member. 


Flange areas of 
girders. 


Value of rivets. 


Deducting rivet- 
holes. 


Minimum com- 
pression members. 


Camber. 


Initial stress. 


Minimum sections, 


Tension bars. 


APPENDIX. 


(0) COEFFICIENTS OF FRICTION will be used as follows : 


Wrought-iron or steel on itself...... BOD OU NO Dao MoOQdOOnO. aghoonn 6 cereals 
oe ss CaSt-IhOfimeyacetereiiieeerere Navsialersl cvee ect aivey cies Bios KO) 
oe as masonry....... ROTO HONG dnb 0000 000C Gooeasaedg 325 
Masontyzoniitselineteriees teeters Teowestes sole suslfecolol ciel eferasvernierewierelertcterarettetere .50 


. 


32. In case the maximum stresses in chords, girder flanges, trestle-posts, or the bending 
effects on posts due to wind or centrifugal force shall exceed 25 per cent of stresses due to 
dead and live load, the section will be increased until the total stress per square inch will not 
exceed by more than 25 per cent the maximum fixed for live and dead load only. 

33. Collision struts will be proportioned to carry a thrust of 50,000 pounds acting in a 
direction at right angles to the end-posts. 

Stiff suspenders must be able to carry a compressive stress equal to six tenths (48) the 
maximum tensile stress. 


: ; 3 i ‘ : 
Stiffened chords will be proportioned to take compression equal to OOF in which 7 is 


the maximum tension in pounds in the chord, and Z is the span in feet. Use formula (2) for 
these members. 

34. The effects of the weights of horizontal or inclined members in reducing their 
strength as columns must be provided for. It will also be considered in fixing the position of 
pin centres. 

35. Plate girders shall be proportioned upon the supposition that the bending or chord 
strains are resisted entirely by the upper and lower flanges, and that the shearing or web 
strains are resisted entirely by the web plate. 

36. The effective diameter of the driven rivet shall be considered the same as the 
diameter before driving. 

In deducting for rivet-holes, the diameter of the hole will be considered % inch greater 
than the rivet for full-headed rivets, and 4 inch larger for countersunk rivets. 

37. No compression member shall have a length exceeding 45 times its least width, and 


Z 
no post will be used in which ee exceeds 125. 


38. All bridges with parallel chords shall be given a camber by making the panel lengths 
of the top chord longer than those of the bottom chord in the proportion of 4 inch to every 
Io feet. 

39. An addition of 10,000 pounds * must be made to the stress obtained in all lateral rods 
to provide for initial tension, and the proper component of this total stress is to be used in 
the calculation of all lateral struts. 


DETAILS OF CONSTRUCTION AND WORKMANSHIP. 


General. 


40. All details must be of approved forms and satisfactory to the Chief Engineer. 

41. Preference will be had for such details as will be most accessible for inspection, 
cleaning, and painting. 

42. No shape iron weighing less than six pounds per lineal foot will be used, nor any 
iron less than 3 inch thick, nor any bar of less than one Square inch section. ; 

No angle smaller than 3 inches by 3 inches will be used in girders or truss members, or 
in any member having % inch rivets. ; 

No angle smaller than 2} inches by 2} inches will be used in any part of bridge struc- 
tures. 

ae angles carrying stringers and floor-beams will be at least + inch thick (see §§ 60 and 

101). 

43. All bed-plates will be at least % inch thick. 


44. No tension bar will be less than 1 inch thick, and all tension bars will be of rectangu- 
lar section. 


%& bs . . ele ele . 
[* Whenever the working stress in these members exceeds twice the initial Stress, the initial stress in the counter. 
rod has disappeared, and hence does not need to b= added, See footnote, p. 228.—J. B. J.] 


og Bs 
a — 


Pins. 


Universa\ plates. 


Pitch of rivets. 


I-beam stringers. 


Hitch angles, 


Milied ends, 
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No eye-bars over 2 inches thick will be used; the maximum size of eye-bars will be 8 
inches by 2 inches. 

45. No main pins will be less than 3} inches diameter, nor less in diameter than three 
quarters of the width of the widest bar attaching to them. 

46. Angles, cover-plates and web sheets shall be as long as practicable to avoid splicing. 

Plates for all purposes shall be universal-rolled when the width does not exceed 30 inches 
(see $$ 76, 78, 124). 

47. The pitch of rivets will not be less than 3 diameters, nor more than 6 inches (see § 
92), nor more than 16 times the thickness of the thinnest outside plate. No rivet will have 
a longer grip than 5 times its diameter, nor be nearer the edge of the metal through which 
it passes than 1} inches when the edges are machine- or roll-finished, ad well not be nearer 
than 1% inches to a sheared edge. 

48. The unsupported width of any plate subjected to compression shall never exceed 30 
times its thickness, excepting cover-plates of top chords and end-posts, where it may be 4o 
times its thickness. 

49. Lattice-bars will be as described in § 122. 

50. All workmanship must be first class; the several pieces forming a built-up member 
must fit snugly together without open joints. This will be specially insisted upon with refer- 
ence to pin-bearing chords and end-posts. 

All members must be straight and out of wind; holes accurately bored both in position 
and direction ; lengths correct within 'y inch in all cases and within #5 inch for all pieces of 
the same set. 

51. Work will be designed in clean, handsome lines. In addition to the value and use- 
fulness of members in the structure, they will be neatly finished. 

52. All material must be straightened before being !aid off, and also after punching, if 
necessary. 


{-BEAM SPANS. 


53. I-beam stringers on masonry will preferably be double under each rail, spaced 7 feet 
© inches between centres of bed-plates. 
54. They will have planed sole plates riveted to the flanges, and bolted through bed- 
_ plates to the masonry at one end, and free to slide longitudinally at the other. They will 
have rigid cross-struts and transverse bracing riveted to the webs. 
55. When in pairs, they will have wrought-metal separators. 
56. Bed-plates will be cast-iron, 3" high. 
57. All holes in flanges will be drilled. Holes in webs may be punched. 
58. I-beam stringers between floor-beams will preferably be in single lines under each 
rail, and will have lateral bracing between webs for all spans over 12 feet. 
59. They will be spaced 8 feet 6 inches between centres, and be riveted to webs of floor- 
beams. = 
60. The angles carrying them at the ends will be either 4 inches hy 4 inches by 4 inch, or 
6 inches by 6 inches by ¢ inch. 
61. If resting on top of floor-beams, they will be riveted to the floor beams, and knee- 
braces will support both ends of each line of beams. , 
62, On the abutments, they will have cross-struts, and be stayed ta the main shoes of 
girders or trusses. Sole-plates and bed-plates (see $$ 54 and 56). 
63. Beams fitting between floor-beams must be milled to length and have the hitch angles 
accurately set, square to the stringer and flush with its end. 
64. Beams which are not required to be of exact length may vary } inch from dimensions 
called for, and may have the ends cut by cold saw. 
65. Heating beams to cut them will not be allowed, and no patched beams will be re- 


ceived. 


Lat 


RIVETS. 


66. Rivets will be % inch or £ inch diameter in the rod before upsetting. 
67. For main members 4-inch rivets will preferably be used, with -inch iivets for faterai 


members. 
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68. Rivets will be power-driven wherever practicable, and must have full round heads 
concentric over the shank of the rivet. 

69. Whenever the grip length of rivet exceeds 2} inches, power-driven rivets will be in- 
sisted upon. 

70. All rivet-holes will be accurately laid off and punched. 

71. The dies will not exceed the diameter of rivet by more than 3! inch. 

72. When the several pieces forming a member are bolted up, the holes inust match 
accurately throughout, or the material may then be condemned. 

73. No drifting will be allowed ; holes requiring it must be reamed; hot rivets must entez 
the holes without the use of a hammer. 

74. Countersinking will be neatly done; all holes of the same size, and countersunk rivets 
must completely fill the holes. 

75. Rivets must completely fill the holes, and no loose or badly-formed rivets will be 
allowed, nor any calking. Field riveting must be reduced to a minimum. 


PLATE GIRDERS. 
76. The webs of all plate girders will be of steel (see Quality of Material, §§ 171-184). 


Ca Universal plates will be used for widths up to 30 inches, and sheared plates for greater 
widths. 

77. No rivet-holes will be pitched nearer than 1% tnches toa sheared edge, or nearer than 
1} to a roll-finished or machined edge of the webs. 

78. Web splices will be made by two universal steel plates of the same thickness as the 
web plate. 

Stiffeners will be used at all web splices. 

The width of the splice-plates shall be sufficient to admit the requisite number of rivets 
and to receive the stiffeners. 

79. Wherever the unsupported distance between the flange angles exceeds 50 times the 
thickness of the web sheet, vertical stiffeners of angle iron shall be placed on each side of the 
girder. : 

Stiffeners. Stiffeners will be symmetrically spaced from the centre of the girder, and the distance 
between them, centre to centre of rivets, will not be greater than the distance between centres 
of flange angles. If unequally spaced, the distance between them will decrease toward the 
ends. 

len 80. There will be a pair of stiffeners at each end of all bed-plates. 


81. All stiffeners will have fillers under them of the same thickness as flange angles and 
as wide as stiffener angles. 

82. The net section of tension flanges will be reckoned as the minimum section square 
across the flange, and the net section on any diagonal or broken line through two or more 
rivet-holes must have 25 per cent excess. 

83. In calculating shearing and bearing stresses on web rivets of plate girders, the 
maximum shear acting on the outer side 17/1/ of any M ° 
panel will be considered to be transferred to the flange 
angles in a distance J7O (equals J7JZ), and the num- 
ber of rivets in the stiffener 171/ will follow the same 
rule.* 

84 All stiffeners, fillers, and splice plates on the 

, ; webs of girders must fit at their ends to the flange 
Fit of stiffeners, 4 ; 3S 
6h. angles sufficiently close to be sealed, when painted, 
against admission of water, but need not be tool- 
finished. 

85. Web plates of all girders must be arranged so 
as not to project beyond the faces of the flange angles, 
nor on the top be more than ; inch below the face 
of these angles at any point. 

Riveter ig for 86. To provide for local shear of heavy wheel loads, the rivet spacing in top flanges of 
local shear. deck-plate girders and stringers will not exceed 3 inches pitch when there are no cover plates, 
or 4 inches with cover plates. 


OCELOIOIOROIOIO“ONOTO 


OO! OO © OO OFOROrO 


Fic. 452. 


ee 
[* See Art. 279 for the true theory and practice.—J. B. J.] 
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Corer bracing: 87. The compression flanges of girders will be stayed at intervals not exceeding 15 times 
their width. 

88. In through spans, stiffened gussets will run from top flange to each floor-beam. 

89. In deck spans the lateral bracing will ‘extend from end to end, and no brace will 
make an angle less than 4o degrees with the girders, excepting end braces of skew spans. 

Oe dis: go. All girders having flange plates will have one plate in each flange extending from 
bolieoeke. end to end; and, with the exception of floor-beams, girders will preferably have at least one 
flange plate. 

91. When two or more plates are used on the flanges they shall either be of equal thick- 
ness or shall decrease in thickness outward from the angles, and shall be of such lengths as 
to allow of at least two rows of rivets of the regular pitch being placed at each end of the 
plate beyond the theoretica! point required. 

92. When two or more cover-plates over 12 inches wide are used in the flanges of plate 
girders, an extra line of rivets shall be driven along each edge to draw the plates together and 
to prevent the entrance of water. 

Plates over 17 inches wide will have three rows of rivets with 9 inches pitch for the outer 
row. 

93. All joints in flanges, whether in tension or compression members, must be fully 

Flange splices, SPliced, as no reliance will be placed upon abutting joints. The ends, however, must be 
dressed straight and true, so that there shall be no open joints. 

94. Flange angles must be spliced with angle-covers whenever cut within the length of 
the girder. 

95. Splices must break joints with each other, one piece only being spliced at any point. 

96. Cross-frames will be used at the masonry ends of all girders and at intermediate 
points when wind or centrifugal force makes it desirable. 

97. All cross-frames will be made of angles and plates, and will be stiff rectangles of four 
members, viz., top, bottom, and two diagonals. 

98. Girders will be neatly finished at the ends. They will have a plate corresponding in 
width with the cover-plates riveted to end stiffeners, and a corner cover at the top riveted to 
both top and end plates. 


Cross-frames. 


Finish of girders, 


STRINGERS AND FLOOR-BEAMS, 


Steciiwebs: 99. Webs of stringers and floor-beams will be steel (see § 76). 

oo. Stringers and floor-beams will preferably be carried by rivets at their ends, and all 
such ends will be milled to exact length. 

tor. The end angles carrying floor-beams and stringers will be either 4 x 4 x 4,0r6x 4 
x 4, or 6 x 6 x $ inch angles, as one or two rows of rivets are required, and they will have 
fillers under them 7 inches and 9 inches wide, respectively, of same thickness as flange angles, 
and having a row of rivets outside the hitch angles. 

102. The hitch angles of stringers will have a full complement of rivets, and, in addition 

Hitch angles. stringers may have a bracket and stiffeners under them unless they practically cover the web 
of floor-beam between flanges. 

103. All holes for field rivets in stringer and floor-beam connections will be punched 3 inch 

Reamed holes for diameter, and afterward reamed out to 44 inch, using cast-iron templates. The wire edge on 
reamed holes must be removed. ; 

104. Floor-beams having stringers resting on their top flanges will have stiffeners under 
the points of support. 

105. Stringers will preferably have one cover-plate from end to end (see § 90). 

The rivet pitch through the web in top flanges of stringers will not exceed 4 inches 
throughout (see § 86). 

Hangers. 106. Hangers will be either solid forged eye-bars riveted to floor-beams, or riveted plate 
hangers. Stirrup. hangers or bent hangers will not be used. 

107. Eye-bar hangers will have the usual excess of material across the eye, and all rivet- 
holes in them will be bored, and the edges of holes will be chamfered to make a fillet undet 
rivet-head. | 

‘108, All riveted hangers will have excess sections at the nin-holes, as described in § 139 
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Centre of gravity. 


Batten plates. 


Lattice. 


Pin plates. 


Forked ends. 


Pin-holes, 


Milled ends. 


Reamed splices. 
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LonG PLATE GIRDERS. 


10g. Plate girders of lengths from 75 {t. to 100 ft. may be built of medium steel, under 


special conditions, as follows: : , 
110, All rivet-holes in the angles and plates in both flanges will be drilled in the solid. 


Occasional small holes may be punched for purposes of bolting up and reamed afterward. 

111. All other rivet-holes in web plates, stiffeners, lateral braces, and fillers may be 
punched of full-size for riveting, provided the metal does not exceed inch thickness. 

112. The spliced ends of tension flange plates or angles will be milled off $/ to remove 
sheared edges ; and the ends of all splicing pieces in tension flange will be similarly milled. 
No other milling of sheared edges will be required, excepting such as is specified for iron 
girders. 

113. All web splices will have four rows of rivets, the middle rows being pitched five 
inches between centres. : 

114. Rivets will be of soft steel and power-driven whenever practicable. 

115. The general requirements given under Plate Girders will apply to these also, except 
as modified above. (See §$ 77 to 98 inclusive.) 


PIN-CONNECTED SPANS, 


116. See §§ 10, II, 12, 31, 33, and 47. 
117. No web member, except collision struts, shall make a less angle with the horizontal 


than 45 degrees. 


Compression Members. 


118. All parts working together as one member shall be uniformly stressed. 

119. All eccentricity of stress shall be avoided. Pin-centres will be in the centre of grav: 
ity of the members, less the eccentricity required to provide for their own weight; and in 
continuous chords, pin-centres must be in the same plane. 

120. See §§ 46 and 69. 

121. The open sides of all compression members shall be stayed by batten plates at the 
ends, and diagonal lattice-work at intermediate points. The batten plates must be placed as 
near the ends as practicable, and shall have a length of 1} times the width of the member. 

122. Lattice bars will preferably be of soft steel, and be at least 2} inches wide for 
#-inch or $-inch rivets, and increase with the width of the member. They will make an angle 
of 60 degrees with the axis of the member, and the same angle with each other. 

123. Double lattice will be used in all members having a clear width between webs of 
more than 20 inches. 

124. When necessary, pin-holes shall be re-enforced by plates, so that the allowed 
pressure on the pins will not be exceeded. These re-enforcing plates must contain enough 
rivets to transfer proportion of the bearing pressure, and at least one plate on each side 
shall extend not less than 6 inches beyond the edge of the furthest batten plate. 

Pin, splice, and batten plates will be universal-rolled plates. 

125. When the ends of compression members are forked to connect to the pins, the ag- 
gregate compressive strength of these forked ends must equal the compressive strength of the 
body of the members; in order to insure this result, the aggregate sectional area of the forked 
ends at any point between the inside edge of the pin-hole and 6 inches beyond the edge of 
the batten plate, shall be about double that of the body of the member. 

126. In compression chord sections, the material must mostly be concentrated at the 
sides, in the angles and vertical webs. 

127. Pin-holes shall be bored exactly perpendicular to a vertical plane passing through 
the centre line of each member when placed in a position stmilar to that which it is to occupy 
in the finished structure. 

The ends of all members which make contact joints shall be planed smooth, to ex _.ct 
lengths and to exact angles, with the axis of the member. 

128. Abutting members must be brought into close and forcible contact when fitted with 
splice plates, and the rivet-holes reamed in position before leaving the works, all pieces being 
match-marked, so as to fit in the same position in erecting. 


bod : ‘ 
rly 
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Pitch of rivets at 
ends, 


Couplers. 


Collision struts. 


Upset screw ends 


Excess at pin- 
holes. 


129. In all compression members the pitch of rivets at the ends shall not be over four 
times the diameter of the rivets for a length equal to twice the width of the member. 

130. The couplers on chords and end-posts will be at least } inch thick, 

131. In intermediate posts, both web and pin plate will extend beyond the pin fora length 
about equal to the diameter of pin-hole. 

132. Collision struts will be disposed to best advantage to take a shock of derailed train 
striking 33 feet above base of rail. They will preferably make an angle of 80 degrees or more 
with the end-post, and may be placed 3 feet away from the point indicated above in order to 
increase the angle. 


TENSION MEMBERS. 
Lye-bars. 


133. All eye-bars will be solid forged-steel bars of approved quality and rolled by mills 
having established reputations for the manufacture of eye-bar steel. 

134. No work on the bars will be done at a blue heat, and all bars must be thoroughly 
annealed after forging. 

135. The heads of eye-bars shall be so proportioned that the bar will break in the body 
instead of in the eye. The form of the head and the mode of manufacture shall be subject to 
the approval of the Chief Engineer of the railway company before the contract is made. 

136. The bars must be free from flaws and of full thickness in the necks. They shall be 
perfectly straight before boring. The holes shall be in the centre of the head and on the cen- 
tre line of the bar. 

137. The bars must be bored of exact lengths and the pin-holes ;, inch larger than the 
diameter of the pin. 

All bars on the same item must be bored at one setting of the drills and at the same tem- 
perature. 

Bars may vary 3 inch from ordered length, but bars on tle same item must not vary 4 
inch in length. 

Rivet-holes in eye-bars will be drilled, and have the wire edges cut off the edges of the 
holes. 

138. Upset screw ends may be used on steel bars if fully guaranteed and tested in full- 
sized bars. The area at base of thread and at all parts of upset ends will be 15 per cent in 
excess of the area of the bar. 


Riveted Tenston Members. 


139. Riveted tension members must be designed with special care. Members with pin 
connections will be required to have net areas across the pin-hole, and back of the pin-hole, 
respectively of 150 per cent and 80 per cent of the net area required in the body of the mem- 
ber, and there will be a corresponding excess of rivets to mrake this material effective. 

The length from back of eye to end of member must be greater than the radius of the 
pin. 

140. In members with riveted connections special care will be used to have the rivets 
symmetrically arranged from the centre line and to avoid eccentricity of stress. 

If rivets are staggered they will all be deducted as though they occurred at the same 


eross-section. 
Rods. 


141. Rods for counters or laterals will, preferably, be either simple loops or clevis rods. 

142. Loop rods will be of wrought-iron, and must be upset and welded in a thoroughly 
efficient and workmanlike manner. 

143. The eyes of all loop rods must be bored to fit the pins. 

Upset screw ends must have’a net section at base of thread 15 per cent greater than the 
body of the bar. 

144. Steel rods may be used for upset screw ends, but must be fully guaranteed and tested 
in full-sized section. They must be annealed after forging. , 

145. Clevises, turnbuckles, and sleeve nuts must be of approved pattern, and fully guar 


anteed. 


496 


Portals and knee- 
braces. 


Deck spans. 


Two spans. 


Bolts. 


Rollers. 


No lateral move- 
ment 


APPENDIX, 


PINS. 


146. All main pins will be made of medium steel. 

The diameter of the pin will not be less than three-fourths (¢) the largest dimension ol 
any tension member attached to it. 

147. The several members attached to the pin shall be packed close together, and all 
vacant spaces between the chords and posts must be filled with wrought-iron filling rings. 

The pins shall be turned straight and smooth, and shall fit the pin-holes within , inch. 
They shall be turned down to a smaller diameter at the ends for the thread, and driven in 
place with a pilot-nut when necessary to save the thread. 

148. Nuts will be of wrought-iron or wrought-steel. There will be a washer under each 
nut, or else Lomas nuts will be used. 


LATERAL BRACING. 


149. The attachment of the lateral system to the chords shall be thoroughly efficient. If 
connected to suspended floor beams, the latter shall be stayed against all motion. 

150. Preference will be given to lateral bracing in the floor system, which is capable of 
resisting both compression and tension. 

1s1. Portals and intermediate knee-braces shall be used in all through bridges, so de- 
signed as to form efficient and rigid connection between top lateral struts and web members. 
Where the height of the truss makes it practicable, the knee-braces shall be replaced by suit- 
able cross-section bracing at each pair of intermediate posts. 

152. When brackets only can be used for portal braces they will have plate webs. 

Portals will be as deep as the head-room will allow. 

153. In all deck bridges transverse bracing shall be provided at each panel; this bracing 
shall be proportioned to resist the unequal loading of the trusses, and the wind and centrifugal 
forces ; the transverse bracing at the ends shall be of the same equivalent strength as the end 
top lateral bracing. 

154. The hitches for lateral braces must be thoroughly efficient; shear on field rivets will 
be reckoned as per formula (2). 


SHOES, BED-PLATES, ETC, 


155. There must bea pier box or plate of approved form under pedestal shoes at both ends 
of sufficient depth to distribute the weight properly on masonry. These boxes or plates must 
be at least ? inch thick, must have planed surfaces, and be of such dimensions that the greatest 
pressure upon the masonry will not exceed 250 pounds per square inch, and sheet lead * not 
less than $ inch thick shall be interposed between them and the masonry. 

156. Where two spans rest upon the same masonry a continuous plate not less than 2 inch 
thick shall extend under the two adjacent bearings. 

157. All the bed-plates and bearings under fixed and roller ends must be fox-bolted to the 
masonry ; for trusses, these bolts must not be less than 1} inches diameter; for plate and other 
girders, not less than {inch diameter. The contractor must furnish all bolts, drill all holes 
and set bolts to place with sulphur. 

158. All bridges over 75 feet span shall have at one end nests of turned friction rollers 
formed of wrought steel, running between planed surfaces. The rollers shall not be less ian 
24 inches diameter, and shall beso proportioned that the pressure per lineal inch of roller shall 
not exceed the product of the square root of the diameter of the roller in inches multiplied by 
500 pound (500 /d).t Bridges less than 75 feet span will be secured at one end to the ma- 
sonry, and the other end shall be free to move by sliding upon planed surfaces, 

159. Friction rollers must be so arranged as to be readily cleaned and to retain no water 

160. While the roller ends of all trusses must be free to move longitudinally under chan 
of temperature, they shall be anchored against lifting or moving sideways, " 


WORKMANSHIP ON MEDIUM STEEL, 


161. Medium steel will be subject to the general conditions given under 


‘ st “Workmanship ” 
above, and in addition to the following requirements: ee 


{* Sheet aluminum is now used extensively f. i 
y for this purpose.—J. B. J, 
+ See Arts. 254 and 255, a : ve 
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(z) All sheared and hot-cut edges shall have not less than } inch of metal removed by 
planing. (Lattice bars only will be exempted from this.) 

(4) All punched holes will be reamed to a diameter 4 inch larger, so as to remove all the 
sheared surface of the metal. 

(c) No sharp or unfilleted re-entrant corners will be allowed. 

(d) All rivets will be steel. 


(e) Any piece which has been partially heated or bent cold will be afterward wholly an- 
nealed. 


QUALITY OF MATERIAL, * 


Wrought Iron. 


162. All wrought-iron must be tough, ductile, fibrous, and of uniform quality for each class, 
straight, smooth, free from cinder-pockets, flaws, buckles, blisters, and injurious cracks along 
the edges, and must have a workmanlike finish. No specific process or provision of manufac- 
ture will be demanded, provided the material fulfils the requirements of these specifications. 

163. The tensile strength, limit of elasticity, and ductility shall be determined from a stan- 
dard test piece not less than $ inch thick, cut from the full-sized bar, and planed or turned 
parallel. The area of cross-section shall not be less than $ square inch. The elongation shall 
be measured after breaking on an original length of 8 inches. 

164. The tests shall show not less than the following results: 


Ultimate Strength. Limit of Elasticity. | Elongation in 8 inches. 
Pounds per square inch, Pounds per sq. inch. Per cent. 
Hombateronninetensionerien ie ccsee seeces cere 50,000 26,000 18 
EMS HAD E MIL OMe eraieic oss cers sia) sie, 6\ sis svaie. eee [ocs'e- oie 48,000 26,000 15 
“« plates under 36 inches wide.............. 48,000 26,000 12 
ce ee BOVEN, = - SMe susie eters slerspalexe 46,000 25,000 10 


165. When full-sized tension members are tested to prove the strength of their connec- 
tions, a reduction in their ultimate strength of (Soo x width of bar) pounds per square inch will 
be allowed, 

166. Alliron shall bend, cold, 180 degrees around a curve whose diameter is twice the 
thickness of piece for bar iron, and three times the thickness for plates and shapes. 

167. Iron which is to be worked hot in the manufacture must be capable of bending 
sharply to a right angle at a working heat without sign of fracture. 

168. Specimens of tensile iron upon being nicked on one side and bent shall show a frac- 
ture nearly all fibrous. 

169. All rivet iron must be tough and soft, and be capable of bending cold until the sides 
are in close contact without sign of fracture on the convex side of the curve. 

170. Samples from each rolling will be tested, and also widely differing gauges of the same 
section. . 


STEEL. 


171. All steel will be uniform in quality, low in phosphorus, and from works of estab- 
lished reputation. 
172. The phosphorus in all melts of acid open-hearth steel must be less than 0.10 per 
Phosphorus. cent, and in all Bessemer or basic steel must be less than 0.08 per cent. Certified analyses 
of all melts will be furnished the Engineer free of charge. 

173. The material will be tested in specimens of at least one-half square inch section, cut 

Wg se mone from the finished material. Each melt of steel will be tested, and each section rolled, and 
eas. also widely differing gauges of the same section. 


* See also Specifications for Structural Steel for Modern Railroad Bridges (1894), by Geo. H. Thomson, Consulting 
Engineer, Grand Central Station, New York ; also Specifications for Structural Steel, by H. H. Campbell, Trans. An. 
Soc, C. E., Vol XXXII (1895), 
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Melt numbers, 


Re-tests. 


Web plates, 


Rivets. 


iye-bar tests, 


Full-sized tests. 


APPENDIX, 


174. If several different sections are rolled from the same melt of steel, all of them may 


be tested at the discretion of the inspector. 
175. All finished material will be plainly and distinctly marked with correct melt 


numbers. 

176. If the melt number is lacking, or is illegible, or has been changed, the material may 
be condemned at the discretion of the inspector. 

177. If first tests are unsatisfactory, the material will not be accepted unless— 

(1) A majority of the tests fill the specifications. 

(2) All the tests show good material of reasonable uniformity. 


Sort STEEL. 


178. Soft steel may be used under the same conditions as wrought-iron except— 

(1) It must be used consistently. The occasional use of pieces of steel will not be per- 
mitted. 

(2) It must not be welded. 

(3) The thickness of material subjected to punching will be limited to 4 inch, excepting 
(2) in plate girders over 50 ft. long, in which it may be ;% inch; (4) in top chords and end- 
posts, in which it may be % inch ; and (¢) in shoes, pedestals, and bed-plates, in which it may 
be # inch thick. 

179. Soft steel when tested as described above must meet the following requirements: 

An elastic limit of at least 32,000 Ibs. per square inch. 

An ultimate strength of 54,000 to 62,000 lbs. per square inch. 

An elongation in 8 inches of at least 25 per cent. 

A reduction of area of at least 45 per cent. 

For web plates over 36 inches wide the elongation will be reduced to 20 per cent and the 
reduction of area to 40 per cent. 

180, It must bend cold 180 degrees and close down on itself without cracking on the out- 
side, 

181. When {-inch holes pitched 3 inch from a roll-finished or machined edge and 2 
inches between centres are punched the metal must not crack ; and when #-inch holes pitched 
1% inch between centres and 14 inches from the edge are punched, the metal between the holes 
must not split. 

All rivets will be soft steel. 


MEDIUM STEEL. 


182. Medium steel only will be used for eye-bars and main pins, and it may be used for 
other members under conditions given in § 161. 
183. Medium steel when tested as described above must meet the following require- 
ments: ; 

An elastic limit of at least 35,000 Ibs. per square inch, 

An ultimate strength of from 60,000 to 70,000 Ibs. per square inch. 

An elongation in 8 inches of at least 20 per cent. 

A reduction of area of at least 4o per cent. 

It must bend 180 degrees on itself around a 13-inch round. 

184. Full-sized eye bars, when tested to destruction, must show an ultimate strength of 
at least 56,000 pounds, and stretch at least 10 per cent in a gauged length of ro feet, 

There will be two bars tested from each span. 


INSPECTION. 


185. Ample facilities for inspection and testing of material and workmanship must be 
furnished to the Chief Engineer of the railway company or his assistants. Tests on small 
specimens to determine the quality of materials will be made free of charge to the railway 
company before any work is done on the material. 

186. Full-sized parts of the structure may be tested at the option of the Engineer of the 
railway company, and shall be paid for at cost less their scrap value, if they prove satisfactory. 
If the test is not satisfactory the contractors will receive no recompense. 
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PAINTING. 


187. All surfaces in contact with each other must receive one coat of red oxide-of-iron 
paint or other metallic paint mixed in pure linseed oil, approved on sample by the Engineer 
of the railway company. 

188. All work before leaving the shops must be thoroughly cleansed from all loose scale 
and rust, and be given one good coat of pure raw linseed oil, well worked into all joints and 
Open spaces. 

189. All surfaces that will be inaccessible after erection must receive one coat of the 
approved paint during erection, the iron to be perfectly cleaned before painting. 

190. The railway company will paint the structure after erection. 

191. All planed or turned surfaces must be coated with white lead, mixed with tallow, 
before shipment. 

192. No painting will be allowed during wet or freezing weather. 


FALSE-WORK. 


193. The contractor will furnish all necessary false-work and remove the same after the 
completion of the bridges, leaving the several streams and rivers unobstructed, except the 
actual space occupied by the masonry. : 


RISKS. 


194. The contractor shall assume all risks from floods and storms, and also casualties of 
every description, and must furnish all material and labor incidental to or in any way 
connected with the manufacture, erection, and maintenance of the structure until its final 


acceptance. 
195. If any patented parts be used, the contractor shall protect the railway company 
against any and all claims on account of such patents. 


PRESERVATION OF OLD MATERIAL. 


196. In the erection of bridges, the contractor will be required to remove allold material 
in such a manner as will not impair its future use in structures similar to that from which it 
was taken, unless otherwise agreed. 


MAINTAINING TRACKS. 


197. The contractor will be required to maintain the track in proper condition for the 
passage of all schedule trains without delay, except when. previously arranged for by the 
Division Superintendent. 


FINAL TEST. 


198. Before the acceptance the Chief Engineer of the company may make a thorough 
test by passing over each structure the specified trains or their equivalent at a speed not ex- 
ceeding thirty miles an hour, and bringing them to a stop at any point by means of the air or 
other brakes, or by resting the maximum train load upon the structure for such period of time 


as he may deem proper. 


SPECIFICATIONS FOR SECOND-CLASS BRIDGE SUPERSTRUCTURE, 


for Divisions and Branches Carrying Light Traffic. 


1. The loading will be the same as for first-class bridges, and the bridges fully conform 


to the specifications for first-class bridge superstructures, excepting as follows: 
(1) OutSide of the lateral system, the stresses due to wind and centrifugal force need not 


be provided for unless they exceed 40 per cent of the stresses due to dead and live load, 


7, aa le 


© ast 


> 
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(2) The unit stresses will be modified as follows: 


TENSION. | Sagan 
Wrought Iron. Soft Steel. Medium Steel. Ms : 
I-beams (by moments of inertia)...... 8,500 8,500 Will not be used 
COMPRESSION, Lat 
Wrought Iron, ae Soft Steel. Medium Steel. re 
Hixes tle postsaeeveer Sa lerarslootstetr scree 7,000 (: + ee) = 305 10% greater than iron 20% greater than iron © 


; min. ¢ 
Intermediate WOSUS re lorosverolsiecetateiaisis niente 7,000 (14 ) Li “ «6 “ te « te “ce “ee 
max 


4 


Stresses not specified will be the same as for first-class bridge superstructures. 
(3) One sixth (4) of webs of girders will be considered available section in each flan 


except at web splices, where the full section shall be provided for by extending the flan 
plate or by the addition of cover-plates. e 
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APPENDIX B 


PROCESSES IN THE MANUFACTURE AND IN THE INSPECTION OF IRON AND STEEL 
SHRUCTUINE Si 


OF the four natural divisions into which the construction of a metallic framed structure is divided, i.e., 
Design, Mill-work, Shop-work, and Erection, the first has been treated in the body of this work, and of the 
remainder, the mill-work and shop-work alone will be considered here. 


MILL-WORK. 


PROCESSES IN MANUFACTURE.—IRON.—The order of the manufacturing processes are as follows: 


1. Making the Pig. 
2. Puddling. 
3. Rolling the Muckbars. 
: : ti d Piling. 
Mill-work in Iron: 4 : eee Re a 
5. Rolling. 
6. Straightening. 
7. Working and Shearing. 
Ls. Inspection. 


For wkat is called double-refined iron, after item No. 5, it would be necessary to insert two more items, i.e., 
Cutting and Piling, and Rerolling. 

The Pzg is made by melting the ore with a flux, in a blast-furnace, the product being run out into a 
series of small ‘“ pens” to cool. 

This is then puddled in a square box furnace, also called a reverberatory furnace, where it is remelted, 
much of the combined carbon and other impurities burned out of it, when the iron is gradually gathered 
by the puddler into spongy masses called puddle-balls, weighing about seventy-five pounds each. These are 
then removed from the furnace and taken to either a hammer or a cam-squeezer, and worked down into a 
shape suitable for rolling into muck-bar. This process also removes most of the slag contained in the balk. 
The material is next sent through the muck-rolls and reduced to muck-bar. These bars are usually about 
four or five inches wide and one inch thick, and are very rough in appearance. 

This muck-bar, together with waste scrap-iron, is then cut up into lengths, usually not over six or seven 
reet, depending upon the size of the piece to be rolled, and reheatéd in an oven and then passed 
through the rolls. As has been said, for double-refined iron this material would again be cut up, piled, re- 
neated, and again rolled into flat bars, and these repiled and rolled to the final shapes. This material is 
much stronger and more homogeneous than the first product, which is called Refined Iron or Merchant Bar. 
Aiter the material has been rolled to its final forms it is run out on a series of skids called the hot-bed, 
wnere it is allowed to cool. From here it goes through the straightening machine. This may be either a 
gag-press or a train of rolls, three below and two above. The latter is much the better, producing straighter 
bars with less injury to the material. 

After coming from the straightening machine the material is marked and sheared to length, and then 
inspected. Each piece is marked in white-lead with its true dimensions, and also, in the case of steel, with 
its heat and bloom number. The material is now ready to be shipped to the bridge manufacturer. 

STEEL-WORK.—Steel is made by various processes, of which the best, to date, are the Open-hearth and 
tie Bessemer. For a complete discussion of these processes see standard works on the metallurgy of iron 
and steel.t The Open-hearth processes (for there are several), though slower (requiring from seven to ten hours 
for one heat, while the Bessemer blow can be made in balf an hour), are considered by many engineers to be 
more thorough, producing a more homogeneous material than the Bessemer product. With the same grade 
of ore in each case this is undoubtedly true. A cheaper grade of ore is employed usually in the 
Open-hearth process. When the melt is finished it is run off into ingot-moulds. The ingots are about 
eighteen inches square at one end and twenty inches square at the other, and about six feet long. One 


* See also Specifications for Structural Steel for Modern Railroad Bridges, and Instructions to Inspectors, by Geo. 
H. Thomson, Consulting Engineer, Grand Central Station, New York. 
+ Especially Howe’s Metallurgy of Steel; also a paper on Specifications for Structural Steel, by H. H. Campbell, in 


Trans. Am.’Soc. C E., Vol. XXXIII. 
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blow from the Bessemer converter makes three such ingots, while a meit or neat irom tne open-hearth 
furnace will make six. 

From each heat or blow there is also cast a small billet about four inches square, which 1s rolled down 
into a three-quarter-inch round, from which the heat or blow-tests are made for determining the quality of 
the steel. A chemical analysis is also made of each heat. The large ingots are next reheated, and taken 
to the blooming-mill, where they are rolled down and cut into blooms. ‘The size of these will vary according 
to the order in hand. Each bloom is supposed to make a certain number of ordered pieces. 

The remaining processes in the mill are the same for steel as tor iron, with the exception noted. 

INSPECTION.—In the inspection of iron, no tests can be made before the material is rolled. Specimens 
are then selected, two or three or more, depending upon the size of the order, from each size and shape, and 
from these test specimens are cut, about 18” in length, 1” in width in the reduced portion, the thickness 
being left the same as that from which the specimen was taken. 

In iron each pile may differ from all the others. This difference is in general very slight, the same 
kind of muck-bar and the same kind of scrap being used. Nevertheless, for this reason more tests are made 
of iron than of steel. 

In steel, tests are made on the #" round specimens before the material is rolled. These tests wil) usually 
run a little below the final finished material tests in elastic limit and ultimate strength, and a little above 
them in elongation and reduction. Allowance should be made for this variation in the acceptance of the 
heat. 

After the material is rolled test specimens are taken, one from each size of each heat for tension tests. 
Specifications usually require also bending, nicking and bending, punching, and tempering tests. One test 
of each kind for each heat is all that would be required. 

These represent the physical tests of the material. For each of them the inspector can get numerical 
values. For the superficial inspection, however, he cannot do this, and here he is largely left to his own 
judgment. Rejections at this point are for various reasons, such as unwelded or ragged edges, burns, cinder 
spots, blisters, etc., not easily described, but learned by experience. 

In inspecting the material the inspector should have a copy of the mill order and check off such as he 
accepts, so that he as well as the mill people may know how much remains to be furnished. 

With his hammer he should also stamp every accepted piece, putting a ring of white-lead around the 
mark. This will save much trouble at the shop, and should never be neglected. When the material is 
shipped he should compare the invoices with his mill order, and see that no more than he has accepted has 
been shipped. In iron, superficial inspection of the muck-bar is sometimes required, and also of the piling. 
If, however, the finished material is to be thoroughly tested these restrictions are not necessary, 

It is not just to demand a certain grade of article and also specify how it shall be obtained. The same 
is true with regard to the limitations placed upon the chemical composition of steel. The physical tests 
should be sufficient to develop its capacity for performing the work it has to do. 


SHOP-WORK. 


PROCESSES IN MANUFACTURE.—The various Processes in the shop are as follows: 


Straightening (when necessary). 
Marking-off and punching. 
Straightening. 

Reaming. 

Assembling, 

Reaming. 

Riveting. 

Facing. 

Boring. 

Finishing. 

11. Fitting up. 

12. Inspecting. 

13. Oiling and Painting, 

14. Shipping. 


Order of processes in shop: 


DO ONAN PWD 


This table applies to large members as a whole, such as posts, chords, girders, etc. On any given con- 
tract there will be more or less machine and blacksmith shop-work not provided for in the table. 

STRAIGHTENING.—This is often necessary, either because it has not been done properly at the mill or 
has been abused in handling. The work cannot be laid off well if the material is very crooked. 
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MARKING-OFF AND PUNCHING.—Templets are made for the proper gauge and pitch of rivets, and from 
these the material is marked off. Upon this work single punches are used. For complementary chord 
angles no templets are necessary. They are clamped together and put through a rack punch. Multiple 
punches are used on web plates. With these the entire row of stiffener rivet-holes can be punched at one 
setting. The rack and multiple punches save a great deal of time, but they require more skill and care to 
achieve as good results as are obtained from the templet, single-punch work. <A broken gauge-line on cho1¢ 
angles makes very unsishtly work. 

All material is stretched slightly by the process of punching. This is very noticeable in chord angles, 
especially if both legs are punched, in which case it may amount to as much as 4 to $ inch in 20 feet. It will 
vary according to the size of the angle and size and pitch of the rivets. The effect upon web plates is to 
stretch a small strip of the plate next to the punched edge. This results in a continuous series of short 
buckles along this edge, impossible to take out in bolting up the member. 

STRAIGHTENING. —On account of this buckling of the material in punching, the material should always 
be sent to the rolls and straightened before assembling. This is a very important item, but one which is 
sometimes entirely disregarded. If it is not done, the angles and web plate cannot be made to come 
together. Then in the ordinary process of rapid riveting, the rivet will be sufficiently hot after the pressure 
is removed to allow the spring between the angles and plate to distort or draw the rivet slightly. When the 
next rivet goes in it draws the material up again, and this leaves the first rivet, if not loose, at any rate not 
cupped down. This will be true of every rivet driven unless the pressure is held on an unusual length of 
time. In cases like this it is not unusual for as high as 20 per cent of the rivets in a girder to be cut out. 
The finished member a'so never looks as well as if the material had been straightened. 

REAMING.—This may be done by hand or by flexible tube-reamers attached to the shafting. The latter 
method is of course much the better. Nearly all specifications require that the material shall be punched 
to a diameter 7; in. less and reamed to a diameter 4; in. greater than that of the rivet. Some specifications 
require the punched holes to be reamed to a diameter 4 in. larger than the rivet. This is for the purpose of 
removing the material affected by the punch. It has not been established, however, that in soft steel the 
material around the hole has been materially injured in punching plates less than % in. in thickness.* 

On the punch side of the plate the material remains in its normal condition and uninjured, but on the 
die side the effect is different and the material is injured from the cold flowing produced here. This injury 
will vary directly with the thickness of the plate, and with the bluntness of the edges of punch and die. 

ASSEMBLING.—The next process is to collect all the various pieces forming a member of the structure 
and bolt them up preparatory to riveting. 

REAMING.—Before going to the riveter, however, a reamer is passed through all the holes to make sure 
that the rivet will enter. It is thus seen that we have two reamings. Owing tothe stretching of the 
material in the punching, the angles stretching more than the web, and to accidental causes, it is impossible 
to make all the holes fit. In a 30-ft. girder the holes near the ends may not match by 3; in. ‘The reamer 
is put through and takes off not more than 7; in. from the angles and the remaining } in. from the web. 
This leaves a pocket 3 in. deep at the web into which the rivet must back up in order to fill the hole and be 
able to transmit stress. It takes a good riveting-machine to do this well. Usually it would not be done. 
For this reason the writer is in favor of punching the material to a diameter 4 in. Jess than the diameter of 
the rivet, and of having but one reaming, that being done after the pieces are assembled. Some would 
make the objection to this method, that all of the injured material around the hole would not be removed. 
But as it would be better to have the vacant space filled with anything than with nothing at all, and as 
what proof there is available upon the subject seems to indicate that no real injury has been done to the 
working strength of the member, the method would seem to be worthy of adoption. 

RIVETING.—Whenever it is practicable, rivets are driven by machine riveters. These are of many 
kinds. Compressed air, steam, and water furnish three different kinds of power, and each of these are 
applied to several different styles of machines. They may be divided into two general classes, dzrect and 
zndtrect acting. By a direct-acting riveting-machine is meant one in which the ram moves in the line of 
final pressure throughout the stroke. The indirect-acting machines, instead of a ram acting directly from 
the piston, have-two jaws pivoted in the middle, the power being applied at one end and the pressure on the 
rivet at the other. The jaw therefore moves in the arc of acircle. These machines act well enough where 
the thickness of material through which the riveting is being done is equal to the distance between the cups 
on the fixed and movable jaws when the faces of these cups are parallel. If these distances are not equal, 
lop-sided rivets w’ll be the result. To make good rivet-heads with such a machine, therefore, requires for 
each diameter of rivet a set of cups, one for each length of rivet. Some of these cups may be dispensed 

with by having a set of washers to go under the cup. 
eS 


* See Appendix A on this subject. 
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The indirect-acting riveter is not as satisfactory as the direct-acting, and is very often forbidden on 
large contracts. 

The hydraulic, direct-acting machine is the most satisfactory of all. Steam and compressed air work 
well on the average, but when it happens that all the machines in a shop are working to their full capacity 
at the same time, the pressure usually runs low. 

FACING.—All abutting ends of members need to be planed off. This is done by means of a rotary 
planer or facer. This machine has a face-plate revolving in a vertical plane, into and at right angles to 
which are set a series of cutting tools, from three to six inches apart, forming a circle around the centre of 
the face. The piece to be planed is bolted to a bed in front of this face, and the latter is, by means of a screw, 
fed across the end of the piece, each tool taking off a slight chip. The frame holding the face-plate can 
also be revolved around a vertical axis any required number of degrees so as to plane the end on a mitre 
if so desired, as, for example, the ends of batter-posts. 

BorING.—For boring pin-holes, etc., two kinds of machines are used, vertical and horizontal. The 
latter is generally preferable, allowing a more accurate adjustment of the member. 

FINISHING.—This includes all hand work necessary to finish the piece, such as putting on of brackets, 
driving such rivets as could not be driven by machine, chipping, and making whatever changes the inspector 
may require. 

OILING AND PatnTING.—Before shipping, the material should be cleansed of loose scale and rust, and 
oiled with a cozt of pure raw linseed oil, After this it should be painted with some good quality of paint, 
but this is not usualiy done at the shop. 

INSPECTION.—On a large contract of from 5000 to 10,000 tons of material, the best shop inspection is 
secured by the employment of special inspectors who give the work their personal supervision and report 
directly to the Chief Engineer. The mill work, however, is more economically done by the agents of some 
regular Inspection Bureau. 

Such a contract as the one named above requires, in the shops, two men, one being the Chief Inspector 
and the other his Assistant. The Chief Inspector does all of the actual inspection, receives reports from 
mill inspectors, looks out for possible causes of delay, and has the general supervision of all the work. He 
reports weekly to the Chief Engineer. His assistant helps in taking measurements, keeps up invoice 
reports (checking weights of same if the contract is by the pound), keeps track of material for the daily 
progress report, makes tests of material, and does many other things of a similar nature. 

THE RECoRDs.—If there is a time-penalty clause in the specifications, as there usually is, another object 
of the inspection is to be able to testify as to the cause and character of any delay in the prosecution of the 
work. To keep account of the material in such a way that this can be done is not a simple matter. On 
such a contract as has been named it would require the inspector to know, at any time, the exact condition 
of from 12,000 to 24,000 pieces of material. This is not as difficult a task as it would seem at first. 
Of these 12,000 to 24,000 pieces not all are changing their condition each day. Probably half of them are. 
Then, too, they go in groups, so that we can greatly reduce the number. 

To keep this record requires a day-book ruled as below: 


Left-hand page. Right-hand page. 


General Remarks. 


Punched. 
Reamed 
Bolted. 
Riveted 
Milled 
Bored. 
Turned 


In these columns, eacl j : : : P : 
ch day, the inspector entérs the designation of the piece which has received that 


particular treatment. It will not always be possible for him to get these independently of the contractor 


but that is not necessary. If he goes about it in the right way the contractor will allow him access to the 


daily reports of the shop, which of necessity are as correct as may be. From these he can readil h 

five columns and enter them directly into his day-book. Punching and ream aoe = the last 
But these also in most shops he can get from the shop records. Bat Hee ee a . cult to get. 
the component pieces and not for the whole member, In. this case he cannot use nee eae o 
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must take the shop list on which all of the members with their component pieces are given, and a copy of 
which he can get. 

On these sheets, using red ink entirely, he rules two columns, one for punching and one for reaming, and 
then enters up these records for each of the essential.component pieces with date. Then when these have 
all been treated for that member he enters it in his day-book for the day on which the last really necessary 
piece of the member was finished. 

For keeping account of the mill material he checks off on the mill order, a copy of which he has, the 
pieces from invoices as they come in, entering date of receipt of car. Thus the assistant has a record of 
every piece from the time it left the mill until ready for finishing and inspecting. The rest is obtained by 
the Chief Inspector himself. 

When a large number of pieces of similar but slightly-varying construction are under contract, the 
inspection is sometimes rendered difficult by the large number of sheets of drawings involved. This diff- 
culty is best obviated by the preparation of tables giving all of the important descriptive features of each 
member. These tables are made out in a note-book which the Chief Inspector always has with him. 

The table for chords and posts is given below: 


CHORDS AND POSTS. 


Length 


Size of Pin-hole,| c; Clearance. 
No. of | Name |Length|  be- Size of Angles. ness of Cheba 
Draw- | _ of GV CCR IBEWECnt ee Wiebe ae ae |S Pin: | ees ee eplice Remarks, 
ing, | Piece. all. iBin= or Bar. bear- ut- P ale : 
centres.| N. S. Top.) Bot-y eines. |insides|| vajaq 
The floor-beam and stringer table would be as follows: 
FLOOR-BEAMS AND STRINGERS. 
Size of Chord Angles. No. of Ri 
No. of Name of Size offends |) oe ee 5 |e 
Drawing. Pisce Length. Grtenerst in End _ | Size of Web. Remarks, 


Top. Bottom: Connections. 


— | | 


In case the floor-beams have hangers or a direct connection to the pin a slightly different form would 
be required. 

In elevated or viaduct work, also, the stringer table would require some extra columns to provide for 
the bevels at the ends on grades and curves, thus: 


Bevels. 


Vertical. F Horizontal. 


Fixed End.|Expansion End.|Fixed End.|Expansion End 


nana’ 
ee 
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A very simple table suffices for eye-bars. Otber things such, as pins, rollers, bracing rods, lateral plates, 
pedestals, etc., are all easily tabulated. Often it is neither necessary nor advisable to do this. They may be 
more easily inspected either from the drawings or the shop lists. But this advantage of tabulation should 
be taken into consideration. It enables the inspector to have always with him, without any inconvenience, 
a complete record of a// the pieces. There is no trusting to memory. If in passing through the shop at 
any time he notices something wrong with a certain piece, he enters it in the column for remarks against 
that piece, and then notifies the foreman of that department. When this piece comes up for final inspection 
the note is found and that point re-examined. 

The inspector should so arrange his work as to inconvenience the contractor as little as possible. He 
cannot leave his inspection until the material is ready to ship. Neither can he inspect and accept the piece 
in each of its successive steps through the shop. The proper adjustment of the work will vary somewhat 
for different shops and for the kind of work. But he should always be on hand when wanted, and should 
keep a watchful eye on all of the departments. 

One objection to the subdivision of the inspection is that the inspector finds it difficult to keep account 
of what has been inspected and what has not. By the method of tabulation spoken of above this is 
rendered perfectly easy and reliable. If certain things on certain members have been inspected before the 
completion of the member, some sign or letter indicating the same is entered opposite each of these mem- 
bers in his note-book, and the same signs put upon the members themselves in soapstone. When the 
member is finished the remaining requirements are checked. 

DETAILS OF THE WORK OF INSPECTION.—The inspector should see that the material is not so 
crooked when it starts into the shop as to prevent its being properly laid off or gauged and punched. 
After being punched the material should be straightened. 

The punch-dies should be examined occasionally to see that the edges are sharp and unbroken, and that 
the difference in diameter between the upper and lower does not exceed qs inch, 

After being straightened and reamed, the various pieces forming a single member are assembled. This 
requires a good deal of care. Web splices and all abutting sections should be made to close tightly and the 
splice-plates fitted on and reamed while in this position. Excessive drifting, or drifting for any purpose 
other than bringing the pieces to the proper position, should not be allowed. 

The inspector should see that a sufficient number of bolts are used to hold the material snugly together 
while being riveted. The inspector should see that all stiffeners fit tight against the chord angles, and that 
all surfaces to be riveted together are painted before being bolted up. After being assembled all the rivet- 
holes are to be reamed. 

Ordinarily not much trouble is experienced with power riveting-machines. Sometimes, however, the 
power gets low and many loose rivets are found. One cause for this is the removal of the bolts too far 
ahead of the riveting-machine. In testing rivets they should be struck two short, sharp blows, one on each 
side of the head, with a hammer weighing about one pound, the handle to which is quite small in the shank, 
allowing the absorption, at this point, of some of the spring of the hammer. When the handle is held at the 
proper point and the rivets are solid, no jarring effect is felt in the hand. A little experience enables one 
to detect loose rivets by means of the action of this handle where no rattling sound could be heard, and 
where no movement could be detected by the finger placed at the angle between rivet-head and girder. 

Very often there is trouble with countersunk rivets driven by a machine. The reason is this: The 
rivets are a trifle too long. This excess material spreads out under the die and overlaps the hole. Being thin 
this edge hardens quickly, and then no amount of pressure will upset the body of the rivet any further. It 
will appear tight until chipped, when it is often found to be loose. Drawings often require flat-head rivets in 
certain places where there is not enough clearance for the hemispherical head and yet where all the space 
obtained by countersinking is not necessary. On account of the difficulty mentioned above, such rivet- 
heads, less than 4 inch in thickness, should not be allowed. If left unchipped it cannot be known whether 
the rivet fills the hole or not. 

In hand riveting, spring dollies, for holding up the rivet, should be used where possible, especially for 
heavy pieces. These dollies consist of a long bar of wood or iron used as a lever, the short end of which is 
bent up and contains a cup that fits on the head of the rivet. In this way the effective weight of the 
dollie, for the resistance of the impact of the sledge, is equal to whatever weight is used on the long end, 
multiplied by the ratio of the lever-arms. With two men on the dollie this can be made quite large, 
This is assuming that the piece being riveted is sufficiently heavy to hold them up. 

Spring dollies cannot be used on light work. For this, simple hand dollies, weighing from fifteen to 
twenty-five pounds, are used, and give good results, since, in light work, small rivets are, or ought to be, used. 
The use of {-inch steel rivets in 8-inch and even 7s-inch metal is, however, not uncommon. It is very 
difficult to replace loose rivets in such cases, since the material is apt to split before the rivet- heads will shear, 
Then in backing the rivet out, unless the holes match well, the material will be badly bent. 
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Material lighter than $ inch does not work up well in the shop. 

In marking rivets to be cut out, the inspector should use a centre punch or the stamping end of his 
hammer with which to cut the head of the rivet, which should then be painted with white lead. Some mark 
should also be made on the material near the rivet so that he may be able to find and test the new rivets. 

In facing and boring, care should be taken that the ends of girders are planed to the proper length and 
bevel, and that the pin-holes are of the proper size and distance apart centre to centre. These are all subject 
to careful measurements, which should be taken with a steel tape after being compared with the company’s 
standard, the correction for every ten feet being determined. 

The inspector should supervise the laying out of the sections that are to be fitted up in the shop, and 
see that everything goes together so that no unnecessary work has to be done in the field. 

__ When he receives invoices of shipments he should be able to check off all of these pieces from those 
marked “ Accepted ” in his note-book. 

Such a rigid record of the work as outlined above requires some office work which has to be done at 
odd times or in the evening. But it pays for itself many times over in the sense of absolute security which 
the inspector is thereby enabled to enjoy. 
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AMERICAN METHODS OF BRIDGE ERECTION.* 


BRIDGE ERECTION, in a broad sense, includes the assembling in place, connection and adjustment of almost 
all framed and trussed structures, chiefly bridges and roofs, either permanent or temporary, primary or 
auxiliary ; but in this part of this country, and as the most developed art, it refers chiefly to large structures 
composed of iron or steel members, with which we may properly deal from the time they leave the manufac- 
tory until the final inspection and acceptance by the purchaser’s engineer. 

The subject has three principal divisions: first, Primary Structures, usually permanent; second, 
Auxiliary Structures, usually temporary ; third, Working Plant. 

Bridges may be assumed to include all structures designed to transmit strains of flexure to relatively 
solid seats, and thus embrace _ roofs, girders, highway and railroad bridges, viaducts, aqueducts, towers, 
columns, and wind and crane bracings that form most of the first division. Primary structures may be 
either simple or compound; a simple structure practically consisting of a single piece, as a column or plate 
girder; simple structures may be either directly placed or temporarily supported. 

Compound structures may be very elaborate, like the complicated trusses of a long-span railroad bridge, 
and are essentially structures formed by assembling’ several members or parts delivered separately at the 
site. Compound structures may be, during erection, naturally self-supporting, artificially self-supporting, or 
non-self-supporting. Non-self-supporting structures may be erected on the ground or on falsework. 

Auxiliary structures are chiefly designed solely for the erection of permanent constructions, of which 
they may serve the whole or portions; they may be fixed or movable. Fixed structures include trestling, 
towers, piles, framed trusses, and suspended platforms. Movable structures include shear-legs, gin-poles, 
derricks, rolling towers and platforms, and boats. 

The present American practice is notably superior to the foreign in the completion of members by 
power tools in the manufactories, their design with special reference to rapidity and accuracy of field assem- 
bling and completion of joints, and for the liberal use of special engines and steam and hydraulic power in 
the field that was promoted by the magnitude and economy of American work. 

In the admirable monograph on American Bridges presented by Theodore Cooper to the Am. Soc. 
C. E., the devolopment of long spans and consequently of heavy members and difficult erection problems is 
traced, and it is shown that, except some moderately long timber spans, no great and heavy trusses existed 
until recent years, so that their erection is the art of this quarter century and its most able masters are of the 
present generation, who have created methods and appliances at least as fast as the designing engineers and 
manufacturers have furnished them with structures of increasing proportions to handle. 

The first wooden bridges were doubtless built on continuous timber scaffolds, each moderate-sized piece 
being framed on the spot and readily placed in position by hand tackle, levers, and skids; and as the light 
highway iron work of twenty or thirty years ago was introduced, old methods were modified to suit. When 
railroad bridges became important, the erection of almost every structure of magnitude was a problem 
requiring special solution, and new methods and tools have been constantly devised, modified, and perfected 
until the mechanical and constructive skill, ability, and facilities now acquired are probably unparalleled in 
the world’s development of physical undertakings of magnitude. 


The erection of simple structures considers chiefly girders, roof trusses, and columns. Girders vary ~ 


from the dimensions of rolled I beams to those of solid plate girders more than 120 feet long and weighing 
Over 100,000 Ibs. each, or of lattice girders of 150 feet or more in length, the girders up to 120 feet long having 
been shipped from the shops in single rigid pieces. Such long and heavy pieces must be loaded skilfully to 
ride the railroad curves, and each requires from three to five flat-cars for its transportation. The girder is 
supported at each end on a transverse beam that has an iron bar or old rail on top on which the girder rests, 
and can easily slip to conform to the chords of the curves. This transverse beain is supported by the 
centres of two or more longitudinal ones whose ends rest on transverse beams placed on the car floor and 


* Adapted from an illustrated lecture delivered by Mr. Fant W. Skinner, M. Am. Soc. C. E. and of the editorial 
staff of The Engineering Record, before the College of Civil Engineering of Cornell University, April, 1893. Most 


of the cuts were taken from the Journal of the Association of Engineering Societies, Mar. 1808, article by Mr. Frank P, 
McKibben, Boston. Plates XLVIII, XLIX, and L are from The Engineering Record of July, 1898. 
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thus distributing the load on two lines, one at each end of the car, or else rest on another set of longitudinals 
that are set on four transverse beams, one of which would thus be directly over each axle and sustain one 
eighth of th> total load, half of which is carried by each end car, the intermediate ones acting only as spacers. 
See Fig. 3, Plate XX XIX, for methods of shipment and the other figures on this plate for methods of han- 
dling plate girders. Whenever practicable, they are not unloaded until brought across the openings 
they are intended to span and parallel to their final positions from which they do not vary longitudinally and 
not more tnan is necessary transversely. They are then usually raised a little by hydraulic jacks and sup- 
ported by timber blocking till the cars are run out from beneath them and then jacked down and skidded to 
their seats, or, less frequently, are lifted from gallows frames and turned if necessary and lowered by-tackle. 
These gallows frames, one at each end, ordinarily consist of single bents of, say, I2 X 12 posts and single or 
reinforced caps that just span one or two tracks and are guyed both ways. When no old or temporary track 
exists across the opening, the girders have been unloaded at one end of it and placed in the required posi- 
tion by protrusion, i.e., pushed out cantilever-wise over a stationary roller on the abutment until the forward 
end reached its seat on the opposite side. This method requires either a pilot extension, a rear counter- 
weight, overhead guys or intermediate supporting rollers; after it is half way across a pilot extension would 
generally be used and would be a long beam lashed firmly to the girder so as to engage a roller on the 
further side before the centre of gravity of the girder passed the first abutment. 

A remarkable example of this method of erection is that of the Souleuvre Viaduct in France ; its spans, 
of riveted lattice-girder type, were completely assembled about 1600 feet from one abutment, connected 
together as continuous spans, and rolled out on fixed rollers; the spans weighed nearly 100,000 Ibs. each and 
had in front a trussed pilot 66 feet long that weighed 40,000 Ibs. The bridge was protended by the revolu- 
tion of the fixed rollers at each pier. These rollers were turned by ratchets operated by long levers, one on 
each side of the span, connected by a cross-bar over the top of the bridge. Men walking back and forth on 
the top of the bridge pushed this cross-bar before them and thus turned the rollers, but considerable 
difficulty was experienced in securing uniformity of action between different gangs. This example is notable 
in that it was entirely successful, and for its striking difference from American practice. 

Roof trusses up to about 1oo feet span are generally lifted and set in place as one complete finished 
truss, whether with rigid or flexible joints. If with riveted joints, they have been shipped from the shops in 
one, two, three, or four sections each, that are riveted together on the ground at the site; or, it pin-con- 
nected, they are assembled there, and in either case raised and set by a gin-pole or derrick that moves back- 
ward with each successive truss. 

These trusses often depend largely upon the roof sheathing boards for lateral bracing, without which they 
have little transverse stiffness. They are also likely to be set on slender isolated columns, and require 
special care in guying until permanently braced after being released from the derricks. When supported on 
columns the trusses may be assembled between them exactly parallel, and each with its lower chord nearly 
in the vertical plane of its final position, but if supported on masonry walls they must be assembled with 
their lower chords sufficiently oblique to clear and be adjusted after rising above the tops of the walls. They 
may also be assembled on the same platform or blocking at one end of the building and raised there without 
moving the derrick, and skidded along on top of the walls to their respective positions; but this method will 
usually be more difficult, tedious, and hazardous than moving the derrick to raise them in position. This 
method was employed at one of the mills in the famous Homstead Plant, and either one end of a certain 
truss was advanced beyond the other, or else the flexibility was so great that it was pulled out of a plane and 
the lower chord became curved horizontally so that it fell off and tumbled to the ground. 

Two gin-poles are often used together to raise a roof truss, each gripping it about one fourth or one fifth 
of its length from the centre, and, of course, always above its centre of gravity. The writer once used this 
method of erecting a rolling-mill roof of over 140 feet span whose very light trusses had slender gas-pipe 
struts and deck-beam top chords, and were about limber enough to be considered funicular frames, but 
were handled without difficulty by the renforcement of planks judiciously lashed on. 

A gin-pole is simply a timber mast with four guys and a sheave at the top over which the hoist line leads 
to acrab bolted three or four feet from the bottom. In use it should always be inclined a little from the 
vertical so that it overhangs its burden and gives a positive strain on the back guys and on them only, the 
front guys coming into service when the pole is moved. By taking up or slacking the guys the truss may be 
very quickly swung backwards, forwards, or transversely and adjusted to position, and for heavy work a 
tackle is advantageously used to operate at least the back guys. See Fig. 1, Plate XX XIX. pare 

The foot of a gin-pole is generally supported by and shifted upon a plank or timber along which it is 
pinched with bars or pushed upon rollers. Gin-poles are ordinarily from 40 to 60 feet long and up to 16 
inches square at the butt. In erecting. a lofty dome recently Horace E. Horton, of the Chicago Bridge 
Works, used a trussed gin-pole 120 feet long. Gin-poles are often rigged with 4-inch wire guys and 14-inch 
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manilla line that would, according to the load, be operated directly by the crab or be rove over a fixed and 
loose single block or a two-three pair of blocks. See Fig. 1, Plate XL. This gin-pole is 146 ft. high. 

An A derrick is two inclined masts braced together and united at the top; needs but one guy and is 
very often preferable to a gin-pole. 

A gin-pole must always be carefully handled and may be easily raised or lowered by a boom or an A 
derrick that is likely to be found at any large building, provided the height of the pole is not more than 
twice that of the derrick, which can then pick it up just above its centre of gravity, and swing it into its 
vertical position. If the gin-pole is only a little too long for this it can still be handled, as by counterweighing 
the butt. A short pole can be raised by fastening the foot and blocking the other up beyond the centre of 
gravity until the angle is great enough to enable it to be revolved by a rope leading to the ground, but much 
the easiest and best way is to provide a secure resistance for the foot, making a virtual hinge there, and 
hoist it from the ground by a line led over the top of a shears, which need only be any convenient pair of 
timbers lashed together at the top. When the pole rises high enough to carry the rope off from the shears 
they will be no longer needed, and if the hoisting crab has been properly set it will continuously pull the 
pole up to its vertical position. The foot of the pole must be carefully watched, and reliable men stationed 
at the guys which always, whether moving or raising the pole, should be kept free from slack. 

When the span is very great, or when the ground underneath must be preserved free from obstruction, 
the roof trusses are either assembled and erected from a strident traveller, or a tower, or upon a movable 
platform whose surface conforms to its lower chord or intrados, is as long as the span, and usually is a little 
wider than the distance from out to out of the two most distant adjacent trusses, so that each pair may be 
simultaneously erected in position, braced together, and left in stability while it moves forward two panels’ 
lengths to the next pair. 

Lofty viaducts have been erected with the utmost simplicity by booms carried on the structure itself as 
its towers were built up section by section from the ground, 

The famous Kinzua viaduct, over 300 feet high, was erected in this manner several years ago, but the 
method is evidently best adapted to locations where the iron work is most readily delivered in the bottom 
of the chasm, which is not usually the case, and probably would not now be used except for very short struc- 
tures or where the spans between towers were extremely long, the material being chiefly handled from over- 
head in the present practice. 

By far the most usual and generally economical way of erecting viaducts, including metropolitan 
elevated-railroad structures, is by means of an overhanging derrick that moves on top of the completed 
portion and reaches far enough beyond it to set all members in the next one or two panels in advance of its 
own support, setting and maintaining each piece until it is braced and self-supporting ; the connections 
usually being quickly and temporarily bolted up to enable the derrick to move forward to the new panel 
and commence erecting the next one before the main joints are drifted and riveted and secondary connec- 
tions completed. These derricks are called “ Erecting Travellers,” and comprise essentially a base moving 
on the finished work, and carrying the hoisting engine, coal, etc., that partly counterbalance the overhang 
and its burden. A reach of 60 feet usually suffices for elevated railroads whose travellers may consist simply 
of long, single beams, mounted on central wheels and set with the front end slightly elevated and the rear or 
trailing end lashed or otherwise secured to the longitudinal girders as was done on some of the earlier Brook- 
lyn work. Generally, however, a braced platform, of the full width of the structure, carries a-vertical head 
frame in which are set masts ot two or three boom derricks, whose booms are usually trussed and swing 
nearly around a semi-circle so as to be able to pick up the iron from the side of the street and swing it into 
position. Often these booms are arranged so that the two side ones can set and hold the columns of the 
next panel while the longer centre boom puts the transverse girder in position upon them and after it is 
connected to them maintains the whole bent until the released side booms set the longitudinal girders and 
make the whole panel stable. 

Railroad viaducts are generally considered to be most economically proportioned when the towers are 
30 feet wide and 60 feet apart, and many have been built approximately to these dimensions, thus requiring 
an overhang to support a transverse beam or pair of column sections at a distance of go feet, a short longi- 
tudinal girder at 25 feet, and a long one at 30 feet. These travellers always consist of two parallel trusses, 
usually combination, always firmly braced together horizontally and anchored to the structure when in 
service. Sometimes the overhangs are single heavy beams with iron guys from the end and intermediate 
points to the top of a mast placed over the end of the Supported part, and guyed back tothe rear of the plat- 
form. But they are more often square Howe or Pratt trusses not unlike bridge spans, overhanging about 
half their length, and having cross-beams and eye-bolts in the lower chords from which to suspend the 
tackles required to lift and support the pieces in the different positions. See Fig. 2, Plate XL. 

Viaduct travellers are designed according to special conditions so as to receive the members for erection 
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directly underneath the overhang, or from cars that run on its own track level and come from behind up to 
or underneath the main platform and deliver to trolleys that carry the hoisting tackle out on the overhang, 
Or to booms that swing it around, or to falls that slack it off to position. In building the St. Paul High 
Bridge across the Mississippi River, Horace E. Horton erected the long and lofty viaduct by a huge trav- 
elling tower that was 150 feet high by 68 feet square, and straddled the 125 feet high trestle bents, with a 
clear spring of more than 135 feet high. It was built chiefly of 5” x 10” and smaller sizes of timber 
with iron main tension diagonals; ran on eight double-flanged wheels, and was probably the largest and 
tallest traveller ever constructed. 

As crane bracing and horizontal trusses must be permanently supported by columns, walls or vertical 
trusses, the supports greatly facilitate their convenient erection, which is almost invariably accomplished by 
simple tackle directly supported and by stationary crabs or engines. 

The only primary structures remaining to be considered are Long Span Bridges, i.e., say above 150 feet 
long. They may have either pin or riveted connections, or be suspension bridges or arches. Most of them 
in this country are the former, although there is a growing tendency to design arches for locations where the 
geological formation affords good seats that in receiving the thrust save the metal required for a tension 
chord. 

Cantilevers and suspension bridges are the only types that are self-supporting during erection. The 
former may include draw bridges when they are erected symmetrically with the panels simultaneously added 
each side of the centre so as to balance each other upon the pivot pier, but they are generally erected upon 
the fender piling in the axis of the river each side of the pier. 

In cantilevers the anchor arm is first built on falsework and counterweighted so as to enable the 
channel arm to be built as an overhang, its members being self-sustaining as soon as each panel is con- 
nected. See Plate XLVI. 

American cantilevers are almost invariably connected by a suspended centre span of from } to 4 of the 
total opening, and this is usually erected as an extension of the cantilever arms from each side, special tem- 
porary or permanent stock being provided in the truss members if necessary to meet the erection strains, 
which are usually allowed a high unit value. 

Wire Suspension Bridges are commonly erected from their own cables, which, when twisted rope is 
used, are drawn across the river in strands and then lifted to the tops of the towers. 

The large cables are merely bundles of parallel straight wires that are carried across singly by special 
machines, looped over the end pins, and spliced at the end of each coil so as to form one practically contin- 
uous filament, the different individual catenaries of which must be carefully adjusted and secured to uniform 
tension and then compacted and encased. After the cables are completed the members of the floor and 
stiffening trusses and working derricks and platforms are supported readily from them. 

Arches are generally assembled on falsework, but may be sustained without it by commencing at the 
skew-backs and supporting each section by overhead guys, as was notably done in Eads’s St. Louis Bridge. 
Such a method, or that of temporary reinforcements to enable an ordinary truss to be erected cantilever-wise, 
may be termed artificial self-support. See Plates XLIV and XLV, and Fig. 1, Plate XLII. 

Tubular Bridges are happily obsolete in this country, the only important one in America being the 
Victoria Bridge across the St. Lawrence at Montreal. It has many long spans, over deep and rapid water, 
the bottom is too rocky for pile driving, and the writer has been informed that the superstructure was built 
7m sztu in the winter, upon falsework erected on the ice which forms and packs and freezes there to remark- 
able thicknesses so that higher up on the river it is not uncommon to run ordinary locomotives across on it. 
Stevenson's other great tubular bridges at Conway and the Straits of Menai, England, were built at the 
water's edge, floated complete to the unfinished pier, and raised many feet to final position by hydraulic 
jacks, their masonry seats being continually built up close under them as they rose. 

Sometimes ordinary fixed spans are erected as cantilevers by the use of temporary anchorages, as shown 
in Figs. 2 and 4, Plate XLV, and Fig. 1, Plate XLIX. In this last the stone towers were already on the ground. 

With the above exceptions, long-span arches and trusses are supported on falsework substructures until 


self-sustaining. FIXED FALSEWORK 


This may consist of a simple temporary suspension bridge with a more or less stiffened floor for com- 
paratively light work or where the height or cost of falsework would be prohibitory, or where it could not 
be safely maintained. Excellent examples are afforded by the South American work of L. L. Buck, who 
erected some of the first railroad bridges in the Andes mountains, with the simplest equipment and unskilled 
labor; the structures spanned deep chasms traversed by mountain torrents that were liable to sudden floods 
that would destroy trestle falsework, and the trusses could not be erected cantilever-wise. A suspension 
bridge was therefore made across the river, and on its floor the trusses were erected by a light special derrick 
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that commenced at the centre and erected to one end by balanced overhangs that were lowered to allow it to 
return inside the erected structure to the centre and thence erect the remainder of the truss. 

In an adjacent viaduct crossing, a cable was stretched from side to side, and upon it a trolley hoist 
travelled by gravity, receiving the iron members on top of the bank and lowering them as it carried them 
out to position so that the resultant motion carried them in a nearly straight line to their required locations 
in the towers. See a similar use of cables in Fig. 1, Plate XLII. 

Reverse conditions existed at the Elkhorn viaduct erected recently by Coffrode & Evans, Philadelphia. 
The timbers for a 600-foot permanent viaduct 140 feet high were delivered, framed and connected up in sec- 
tions of trestle bents, at the centre of the bottom of the chasm where a stationary hoisting engine raised 
them, traversed them along the line of the structure, and set them in position by means of a trolley travelling 
on a suspension cable and operated by hoist and traverse lines leading from it to snatch-blocks at the foot 
of the opposite towers. 

Trussed-span falsework has been used chiefly where there was great danger from floods, drift or scour, 
or where it was imperative to offer the least obstruction to navigation, 

Howe trusses or combination trusses have generally been used; and can be quickly erected on trestles 
to seat on the bridge piers and become self-sustaining, and permit the removal of the trestles and allow 
plenty of time for the removal of old and assembling of new structures. 

The long spans of one of the first Missouri River bridges were erected on one temporary Howe truss 
deck span that was assembled on trestle work of the required height, then transferred to two wooden towers 
built on the decks of pontoons which were floated with their burden to position between the piers; water 
was then admitted to the pontoons and they sunk sufficiently to deposit the span on the piers and clear it 
and be removed, leaving a platform safe from floods, for the assembling and connecting at leisure of the 
permanent span. After it was swung the pontoons and towers were brought back underneath, pumped out 
till their buoyancy lifted the Howe span, which was then transferred to the next opening and seated as 
before, for the erection of another span, and soon. See Plates XLII and XLII!) for similar method. 

This erection was notable for the length of the wooden span, the height of the towers, the swiftness of 
the current, and the success and economy of the operation. 

Several years after this erection was that of the bridge of the Canada Atlantic Railroad across the St. 
Lawrence River at the head of the Coteau rapids, with a 355-ft., swing span and one 139-ft., two 175-ft., 
four 223-ft., and ten 217-ft. fixed spans. The water was from 20 to 30 feet deep, with a current of 5 to 7 
miles an hour, making it impossible to erect falsework on the rocky bottom, and very difficult to build the 
masonry piers, which were constructed in bottomless wooden caissons that were floated into position, loaded 
and sunk with inside canvas bottom flaps on which the concrete was laid. 

Three miles above the site, in a sheltered bay, falsework was built parallel to the shore, and at its ends 
transverse tracks were built out to deeper water. Between these tracks and parallel to the falsework were 
moored a pair of timber pontoons each go x 26 x 6 feet deep, and braced together 70 feet apart. On the 
deck of each pontoon a trestle a little higher than the bridge piers was built. The permanent spans were 
assembled and connected complete on the faisework, skidded down the transverse tracks above the towers, 
which rose and lifted them free when the water was pumped out of the pontoons, and supporting them at 
two panels’ distance from each end were slacked off down the river and sunk between piers enough to deposit 
the span: on its seats, after which they returned for another span, and so on. 

In the erection of the Harvard Bridge at Boston, the long plate-girder spans were built on shore, lifted 
by a traveller that overreached their ends and at high tide carried out by it, deposited on a special pontoon 
that was towed to position, and with the falling tide deposited the girders on their pier seats. 

The Brunot’s Island Bridge near Pittsburgh, and the Hawkesbury Bridge in Australia erected by 
C. L. Strobel and Charles McDonald, are notable illustrations of moving very large spans at a great height 
upon pontoons. 

TRESTLES.—These are essentially sets of columns in vertical planes transverse to the axis of the 
structure; they are in rows or bents of four or more with transverse and longitudinal bracing, the latter 
either continuous or connecting alternate pairs so as to form towers. When the height is considerable the 
trestles are built in stories so as to give convenient sections. The simplest framed trestling has bents each 
composed of two plumb posts and two batter posts, a cap, a sill, and two diagonal braces, and the bents are 
braced longitudinally by a horizontal ledger piece at the top and a diagonal from the top of one to the foot 
of the next, on each side. Usually the caps are connected by two or more lines of stringers which should 
rest directly above the adjacent tops of the plumb and batter posts, the latter having a run of 1 in 12 tor in 
4 horizontal to vertical according to circumstances. The dimensions of the timber should be proportioned 
to the load carefully in high or exposed structures or for very heavy burdens, but must never be made very 
light, for the connections never develop all the efficiency of the sections, and weight and stiffness are gener- 
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ally more important than direct theoretical strength, so that careful judgment and experience are much 
more reliable and necessary than elaborate calculation of strains. 

For ordinary simple trestles 10 x 10 and 12 x 12 posts and caps, 3 x Io or 3 X 12 braces, and 8 x 16 
Stringers are much used, and for lofty and elaborate structures the variation is more in the number and 
arrangement of pieces than in their sections, though some 6 x 6 and 8 x 8 are used for secondary braces, 
aud larger ones for important members if obtainable. But the few sizes mentioned with 2-inch platform 
plank and plenty of $ and ¢ bolts, large washers, wood screws, and steel spikes comprise most of the bill of 
materials, except occasionally screw-ended iron tension rods with cast angle blocks. Mortise and tenon 
joints are seldom used ; sometimes a batter post is toed in, but most joints are butted and covered with a 
splice or “batten” piece each side; usually a 2- or 3-inch plank as wide as the timber, and from 4 to 6 feet 
long, secured with four or more bolts. 

Sometimes double caps are used, one piece on each side of the posts, but usually single pieces of the 
same thickness as the posts are put in their vertical plane, and between the tops of the lower and the 
bottoms of the upper sections, and all are bound together by batten pieces across the caps. 

Trestle bents may be from 5 to 20 feet apart and of any height from 4 to 150 feet. Smaller heights are 
blocked up solid, and greater ones are usually avoided or otherwise provided for. Stories do not ordinarily 
exceed 20 feet in height. Ledger pieces and diagonals are sometimes spiked on, especially to promote 
rapidity of erection, but the latter at least should generaly be bolted eventually. 

When framed trestles are to be set with sills on a river bottom, careful soundings must first be taken 
preferably with a pole, and a profile made to determine the heights of the posts. The bents are laid out with 
uniform tops and bottom widths varying to suit the different heights and bottoms, They are bolted together 
on shore, floated to position, swung up and set vertically from a derrick or pile driver boom or from the cap 
of the last bent if it is high enough, and stayed by ledgers, braces, or stringers. 

If the water is deep, the lower end of the longitudinal diagonal brace is bolted to the foot of the batter 
post before the bent is set, so as to easily bring it eventually at the desired position under water. 

Sometimes the bottom is explored ahead, or the bents raised from a “ balance beam,” which is simply a 
long heavy timber projecting half its length beyond the last trestle set, upon whose cap its middle is sup- 
ported, while its rear end is under the cap of the preceding bent. 

Ordinarily the “mud sill” is a sufficient footing when framed trestles are admissible, but sometimes 
special provisions are requisite on account of severe burdens or very soft bottom. In trestling over a very 
soft mud John Devin secured very cheap and efficient footings by spiking old railroad ties transversely to 
the bottom of the sills of his trestles, and thus constructing what was substantially a grillage under each 
bent. 

PILE TRESTLES.— Wherever piles can penetrate they form the best foundations for falsework. They 
are driven to a moderate refusal and loaded much more heavily than in permanent structures. They are 
used in single lengths up to about 60 feet, beyond which they must usually be spliced, the joint being gener- 
ally a square butt with comparatively narrow batten splice pieces bolted or spiked on all around it. At the 
Poughkeepsie Bridge piles were thus driven 120 feet through the mud and water. 

Piles are driven either by a floating driver or by one running along on top of the completed bents. 
The batten posts are driven by inclining the ram guides to correspond to the required inclination. 

If the top of the trestle is within 10 or 15 feet of the surface of the water the piles are usually sawed off 
and capped just below that height, but if the elevation is much greater they are usually capped near the 
water level, and one or more stories of framed trestle built upon them. 

Sometimes, to prevent brooming, piles are driven with a temporary iron ring or ferrule on top; some- 
times they have iron points or cast shoes at the bottom. : 

Great judgment is required in driving piles, which should be controlled far more by skilled experience 
than by theoretical considerations ; sometimes, when the penetration is excessive, if they are allowed to rest 
a few hours they will resist heavier blows of the ram than previously drove them, and be amply safe for 
severe static loads. At other times the pile will refuse to penetrate and will bound out at every blow, but 
will sink steadily if loaded with a dead weight and tapped or twisted. 

Some remarkable and apparently extravagant pile work was done at the Gour-Noir Railroad viaduct 
over the La Vézére River, France, where the 213-ft. main stone arch span 26 feet wide between parapets and 
3/7” thick at the crown, was built on centring tarried by seven continuous wooden trusses 14’ 6” deep that. 
each rested on sand boxes on the tops of oak piles 12 inches or more in diameter ; their bottom ends cut 
square and shod with plate iron. The river is subject to floods and has a granite bed into which holes 3 feet 
dep were drilled and the piles wedged and cemented in them. Quartz veins were encountered in which 
only one tenth of an inch per hour could be drilled until cofferdams were built. The cost of setting 126 


piles was about $6800. 
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Timber dimensions for Eastern trestling seldom exceed 12 and 16 or at the utmost 20 inches, but a 
recent letter from a bridge man on the Pacific coast says his regular bills call for sizes like 119s 130 ex, 421, 
20" x 20” x 48’, and 7” x 18” x 64’, while he saw some logs being sawed into timber 48” x 48” x so’ and 
ZOLExXe20 1 Exe OOl 

Sometimes, to afford passageway for navigation, a few bents will be omitted at the bottom of a line of 
falsework, and the opening will be bridged by a high temporary span to carry the continuous top bents. 
Such an opening may be as much as 75 feet wide at the bottom and narrowed at the top by inclined posts 
so as to permit a sort of queen-post span of comparatively short pieces or the use of stringers borrowed from 
the permanent structure to close the opening at the top. 

In the early days of iron bridge building, it was frequently customary to build “ two-story falsework,” 
i.e., to provide two complete platforms the whole length of the bridge, to support top and bottom chords 
throughout; but now it is almost universal to support only the bottom chord directly, and to make the rest 
of the truss self-supporting when assembled upon it, stability being of course assured as soon as any two 
opposite panels of the two trusses are assembled and connected transversely to each other. 

Wooden derricks or towers usually traverse the falsework to lift and place various members, or are 
fitted to follow out at the extremity of a cantilever arm and overhang it so as to assemble and connect the 
successive panels upon which it continually advances. These structures are called travellers and properly 
belong to the 

WORKING PLANT, 


and form the most important item of erection equipment. A traveller in its simplest form consists of one 
transverse bent double guyed or two bents braced together longitudinally to form a tower, each bent con- 
sisting of a post each side and acap and knee braces at the top. Commonly, however, there are three or four 
bents on large work, leaving at each side a vertical post and a batter post braced together, the latter flaring 
out at the top and their feet united on a heavy double longitudinal stringer, underneath which are three or 
more double-flanged wheels that run on special tracks laid on the ends of the trestle caps; the caps of the 
traveller bents are developed into Howe or Warren girder trusses, and usually carry longitudinal straining 
beams from which the hoisting tackle is hung. The bents are braced together with iron or wooden diagonals, 
and the structure carries working platforms and hoisting-engine and perhaps other machinery, besides some- 
times tracks for materia\ cars. Generally the traveller goes astride the completed structure and clears every 
portion of it, and is so required to have a large free opening from end to end with no transverse connection 
between the bottoms of the posts; but it sometimes is designed to go inside the trusses, or backwards in 
advance of them from a starting point, or upon the top chords, in which cases it may have bottom and 
interior cross and diagonal bracing. See Fig. 3, Pl. XL, for an interior, and Pl. XLI for an exterior, traveller. 

Traveller Bents, as at Poughkeepsie, Wheeling, Memphis, etc , have been made more than !oo feet high, 
assembled and connected in a horizontal plane and the first one erected by simply lashing down the heel 
and revolving it into a vertical plane by two or three carefully adjusted lines on each side, attached at 
different points, and leading over shear poles to the hoisting engine. Of course the lofty timber frame was 
securely held by guys front and back that were kept constantly taut. After the first bent is erected the 
second one is easily hoisted from it, both are braced together, and the structure immediately becomes stable 
and rigid. See Pl. XLVIII and Fig. 2, Pl. XLIX, for an adjustable steel traveiler.* 

In erecting an ordinary simple truss span the inembers of the floor system and lower chords are distrib- 
uted on the falsework in position before the traveller lifts and assembles the other members, commencing 
either at one end and going straight across or beginning at the centre and working to one end and then 
returning and working out to the other end. 

The trusses are carefully placed in alignment and vertical plane, but are blocked up at the joints, where 
they rest on wedges, to a much greater camber curve than exists in the completed structure, so as to allow 
the adjustments for the final connections being made by driving out the wedges. 

In suspended spans between cantilevers, the end piers rest in expansion slots in the cantilever arms, 
thus permitting longitudinal motion that would allow the portions of the centre trusses to hang down and 
make the final connection impossible unless special provision is made for adjusting their length and control- 
jing their position and inclination. This usually consists of, at each of the eight slots, a fixed and movalle 
roller separated by a wedge which is commanded by a powerful screw so that by entering or withdrawing 
one or both of its wedges the extremity of any truss segment may be raised, lowered, protruded or 
withdrawn. See Fig. 2, Pl. XLVI, for the toggle joint used for closing the Niagara Arch, shown in Figs I 

Usually they are set in the beginning so as to allow for the deflection of dead load and traveller, and 
still be inclined above the required cambered position, so that the adjustment requires only the slacking off 
of the wedges. 


* Described in The Engineering Record, Vol. XXXVILI, p. 180. 
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Before this device was well known the speaker was required to provide erection adjustment for the 
second large cantilever bridge ever built in this country, at St. Johns, N. B., and designed simple stirrup 
irons or U boits that engaged the movable top chord pins and had screw ends passing through fixed bearing 
plates against which their nuts rested. This afforded a tension adjustment for drawing or letting cut 
the top chord, while large bolts screwd through solid boxes in the ends of the lower chords and having 
rounded ends bearing in hemispherical cups in a casting bolted to the end of the cantilever formed a com- 
pression adjustment and could be easily set up or slacked off so as to lengthen or shorten the lower chord. 
This method proved simple, economical, and satisfactory. 

In the erection of the steel arch bridge spanning the Mississippi River at St. Louis (see Plates XLIV 
and XXXI) an effort was made to insert the closing twelve-foot sections of the tubular ribs of the arches by 
cooling them down with ice. The ribs were covered with gunny sacks and ice was placed upon their upper 
sides, but the temperature of the tubes was lowered by this means only 28° F. in the day and 5° at night 
(from 95° and 62° respectively). These effects were not sufficient to allow tubes of the normal length to be 
inserted. Other sections were used, which were provided with adjustable sleeve-nuts with right and left 
threads, allowing an extension of 14 in. These were worked by means of a powerful wrench operating 
upon a I$-in, steel bar inserted in holes through the nut. The upper and lower nuts were turned 
alternately as the arch rose and fell with rising and falling temperatures, till the normal length was 
obtained, 

WORKING PLANT comprises traveilers, derricks, hoisting engines, tackle, pile drivers, pumps, locomo- 
tives, cars, differential hoists, hydraulic and screw jacks, dynamometers, steam, pneumatic, hydraulic, and 
electric appliances and hand tools. Stationary derricks are much used for unloading and handling material 
and for hoisting secondary members. They are ordinarily of the familiar mast and boom pattern, with 
hollow vertical mast pivot through which the fall lines lead to the hoisting drums, and are generally rigged 
with manilia running gear and wire-rope standing guys. Sometimes they are stiff legged, and sometimes 
have also bases of timber sills, enabling them to be easily moved. Balanced derricks are sometimes used. 
At the Washington Bridge (see Fig. 3, Pl. XLV) all the material for one of the 510 ft. arches was 
lifted to a distributing platform by a balanced derrick that had twin overhangs, a bearing on top and a 
friction collar and rollers at the bottom of the trussed arms. Small four-wheeled trucks or “lauries ” 
are usually used for distributing the iron work on the span and bringing it from the yards, but these often 
are provided with special lifting devices for expediting loading and unloading, especially if there is no yard 
derrick, A car having two braced vertical posts in the middle, capped by an overhanging beam with a 
tackle suspended from each end, is very convenient for picking up a pair of stringers and bringing them and 
unloading, one on each side of the track, nearly in the required position. A very effective arrangement was 
devised by a young erector, that simply consisted of a long trussed beam with its forward end somewhat 
elevated and carrying a tackle that was mounted close to the front end on a small car; it could be run out 
in the yard and the fall belayed and the lever tipped down to hook on to a heavy piece; then several men, 
mounting the long arm of the lever, would raise the load and push the car to any required place, when its 
burden would be lowered by slacking off the fall line. This device was especially convenient for handling 
floor beams. 

The many varieties of hoisting apparatus in use are generally some form of multiple spooled engine, with 
capstan heads and drums; some of them have eight spools, each driven by independent gearing and com- 
manded. by clutches and brakes, so that any one may haul up or slack off independently, the rope only 
taking two or three turns around the spool and then being tailed off so as to maintain the same efficiency 
always. These engines usually have a locomotive gearing to enable them to propel themselves on standard- 
gauge track. An ingenious method has been employed to hoist them to the top of high falsework. At 
the Poughkeepsie Bridge a six-spool engine was delivered by a boat underneath the traveller, from whose 
top beams, 250 feet above, four sets of tackle were hung and their lower blocks were hooked on to the 
2ngine-bed, one on each corner ; the fall line of each was wrapped around a capstan head and kept taut by a 
man mounted on the frame. Another man started the engine, and as the fall lines were wound up and 
tailed off, the engine pulled itself and its five men up tothe top of the falsework and was let down on 
beams slipped under to receive it. Sometimes a locomotive can be advantageously employed to hoist heavy 
members, as at the Niagara Railroad Suspension Bridge, where the heavy saddles were hoisted to the tops of 
the 80-ft. towers by a line rove through upper and lower snatch-blocks, and led from the latter to a loco 
motive that simply steamed off with it and drew the load up after it. The running tackle used should be 
best manilla rope; 14, 14, and 1% are the coramon sizes, generally rove through double and treble blocks with 
lignum vite or steel shelves 16”, 18”, or 20” in diameter, and steel hooks and cases. Members are generally 
lifted with chain slings which must be properly fastened to avoid cross-straining the links, which can be 
very easily snapped. Special hook clamps are often provided to fit the flanges of girders. For extra-heavy 
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strains a luff tackle may be used, consisting merely of a second purchase attached to the fall line of the first. 
When this is commanded by a heavily geared windlass or a hoisting engine great power is developed, but is 
slow and troublesome in its application. . 

Very heavy pieces and large masses or assembled structures may be moved horizontally on greased skids 
by hydraulic jacks that are made of from 5 to 100 tons capacity, and can also raise or lower it, but should 
then be closely followed by solid blocking. 

In commencing to drive a connecting pin, the holes in the different members often do not match, and 
a square-ended pin could not be entered. Therefore, the end which is shouldered and threaded for a nut 
receives a pilot of the same diameter as the body of the pin, upto which it is screwed to fit tightly, while the 
front end is made conical and can enter a half-hole into which it is driven, drawing the pieces into position 
and allowing the pin to follow easily. The pin should always be driven by a wooden maul or ram to avoid 
battering its threads. An iron-hooped beam or log suspended at the pin, by its centre of gravity held from a 
considerable height and swung against the pin, does excellent service. 

The specifications for most large recent bridges have required machine field riveting which, in this 
country, has been done by pneumatic or hydraulic tools similar to those used in the shops. At the Memphis 
Bridge the riveters for the floor system were simply swung by long ropes; at the Poughkeepsie Bridge they 
were swung from a trolley that ran on a longitudinal track, moving in a transverse arc and all revolving 
about the centre of a small traveller that cleared the inside braces of the main traveller. At the Washington 
Bridge the arch rib splices were riveted up by a machine that hung from two differential hoists carried by a 
trolley whose deeply grooved wheels rolled on 4-inch round bars that themselves rolled freely on the hori- 
zontal braces. Electric field riveters are being much used abroad. A recent pattern has a small motor that 
by reducing gear operates a screw piston which develops hydraulic pressure for driving each rivet. 

Adjustments of tension members sometimes are required to be made accurately and verified; this can be 
done by interposing an ordinary spring dynamometer so as to form a temporary link in the connection. But 
this often is a needless refinement, since the proportionate, if not the actual, tensions of members can gener- 
ally be closely estimated after some experience by striking them with a hammer. In adjusting over 600 floor- 
beam suspenders of the Niagara Bridge the writer was able to estimate the strain by feeling of the ropes 
almost within the limits of graduation of the dynamometer. 

In the same bridge L. L. Buck reinforced the original anchor chains by additional new links, and accu- 7 
rately adjusted the load taken up by the latter by the elongation produced. 

When only a slight discrepancy at first exists between tension bars of the same members they will 
usually adjust themselves by proportionate elongations; but if the variation is too great it may be sometimes 
eliminated by heating both bars (as by Wrapping them with oily waste and igniting it), and allowing them to 
Set themselves in cooling. The attempt to shorten the steel ribs of the St. Louis arches by packing them 
in ice proved unsuccessful as described above. ; 

Thus it is seen that in bridge erection unforeseen and perplexing contingencies continually arise, and 
must be met by all the resources of science and mechanics. 

The equipment of a complete general erection outfit should comprise full kits of carpenters’ and 
blacksmiths’ and masons’ tools, portable forges (these may be improvised with half barrels filled with clay, 
and a large bellows pumping into another large barrel with tuyere pipes to three or four of them will furnish 
very satisfactory and economical blast, and may be very convenient for such work as riveting up buckle-plate é 
flooring), riveters’ outfits, tool steel, plenty of steel spikes, fitting bolts, long bolts and washers, hand screws, 
hand chisels and gouges, ratchets, reamers, screw and set wrenches, large key wrenches with rings, pinch 
bars, crowbars, hand hammers, sledges, a 50-ft. and a 100-ft. steel tape, rubber clothing, lights, and the 
more important tools, etc., mentioned above., 


American bridge engineers design their structures with careful consideration for the erection require- 
ments, and of the combination bridges lately built in the far West, some, if not many, have been specially con- 
structed to afford facility for replacing the wooden compression members with iron without disconnecting 
them or impairing the integrity of the structures. 

A large and increasing proportion of the bridge erection here to-day consists in the renewal of existing 
Structures where it is almost invariably demanded that the traffic shall not be interrupted. When permissible 
the road is usually moved to a temporary crossing on one side of the old structure, which is then demolisheé 
and replaced unrestrictedly, but this method is often not practicable and numerous other expedients are 
resorted to; most often, probably, trestle work is put up under the span and the track transferred to it, as wel? 
as the old structure after it is disconnected. As soon as it is removed the new structure is assembled upon s 
the trestles, everything being scrupulously made to clear the trains or only used in fixed intervals betweer 
them. Sometimes the old bridge is made to Support the new one till the latter is swung and self-supporting, __ 
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when it in turn supports the old one until completely removed. Sometimes the old structure is taken out 
piecemeal and replaced by the new, or clamped to it for certain periods. : 

Some very remarkable achievements have been accomplished by L. L. Buck, whose work’on the Railroad 
Suspension Bridge at Niagara Falls is a masterpiece of skill and ability. He, at first, opened the anchor 
pits, disconnected the main cables, replaced numerous corroded wires, removed the anchors, replaced them 
and added new links and pins to their chains. Afterwards he replaced the whole suspended wooden super- 
structure with steel and iron floors and trusses. At another time he removed portions of the masonry 
towers, and put in new stones, and finally he replaced the massive towers with steel structures standing on 
substantially the same foundations, and accomplished all the difficult Operations quickly, cheaply, and with- 
out loss of life or any serious interruption of traffic. 

The rapidity with which erection work can be executed is illustrated by the bringing of the material for 
a 200-ft. railroad bridge from a storage yard 1000 feet away, and erecting it in 16 working hours after false- 
work was ready. 

The 518-ft. span of the Cairo Bridge was erected by Baird Brothers in six days; two spans were erected 
and the falsework and traveller twice put up and moved in one month and three days, inclusive of five days 
of idle time.* 

Bridge erection is subject to many dangers, and serious accidents appear to be inevitable. Those occur- 
ring to single individuals are often not the fault of the victim, who is frequently injured by an article 
dropped by some one else or knocked off from the work by some carelessness. An experienced bridgeman 
seldom falls from a great height through dizziness or missteps, but may do so by carelessly stepping on a loose 
plank. Some terrible accidents have occurred by the collapse of falsework, trestling, and travellers, some of 
them perhaps due to derailments or breakages while hoisting heavy pieces, or possibly to outright general 
weakness, but comparatively few are ever exactly determined, except where, as is too often the case, trestles 
are destroyed by floods scouring out the bottom underneath them or piling vast quantities of drift against 
them, as was the case at Wheeling, W. Va., and has been frequent in the Ohio River bridges.+ 

No other calling demands and receives the experience, courage, good judgment, and personal éndurance 
displayed by the leaders and skilled workmen in bridge erection. They must construct the loftiest and most 
difficult scaffolding solely by their own resources, often in remote and dangerous positions, and upon them 
must handle and perfectly adjust heavy girders and huge chords, etc., weighing perhaps 100,000 lbs., while 
subject to constant peril of destruction by storm and flood, or they must build great trusses in the very path 
of frequent-express trains without impeding their progress or prejudicing their safety. Under such trying 
circumstances their work is accomplished with a rapidity and accuracy exceeding that in some comfortable 
and well equipped shops and mechanical plants, and the great address and faithfulness, general integrity and 
reliability that they exhibit in their difficult tasks brings them into deserved prominence among constructive 
workmen. These men are characteristic of our grand nation. Keeping pace with the unparalleled creations 
of this generation of bridge designers, they have applied no ordinary engineering skill to the devising and 
execution of erection methods whose success is attested by scores of monumental constructions, and the 
absence of many great disasters. 


* Perhaps the most remarkable achievement on record (to March, 1896) is found in the erection of three Pegram. 
truss spans (see p. 67), of 217 feet each, on the Union Pacific R. R. These three spans were erected, floor system put 
in, and ties and guard-rails finished on Feb. 8, 1896, the bridge gang having arrived on the ground on the evening of 
Jan. 24. Thus in twelve working days the false-work was put in, the traveller erected, the old Howe-truss spans 
removed, and 660 feet of new bridge erected and completed. The last span, not including the floor system, was erected 
in five hours and twenty minutes, the material being brought from the storage yard, several hundred feet away. On 
an average 70 men were employed, 28 of them being on the traveller. Only one hoisting-engine was used. 

+ To avoid a recurrence of such accidents the Edge Moor Bridge Co. employed in 1897 an auxiliary truss, 200 feet 
long, for the erection of the new Newport and Cincinnati bridge, as shown in Hse Ee This was made compulsory for 
the channel span, which was not allowed to be wholly obstructed during erection, and its length was then reduced so as 


to employ it on the other (198 foot) spans. 


PMC coLLEGEs. 


LIBRARY 


CHESTER, PENNSYLVANIA 


PAGE 

Abutment reactions determined analytically.........15-17 
graphically s..0....... 22 

for swing bridges ........... 139, 182 

ANbutMeNts, costheticvdesion. Of... vec. decesecccees 419 
Adjustment of members ....... RMatoy sielelol's sietevel es cvessteicite 516 
“Esthetic design, general principles............- -412-414 
influence of color on...... baosdaoco MEG 

Material Ons ~ ..0<%0 as hye 


shades and shadows on. 416 
SOR the Toad Way. scissiectics 6 gouk st 42 
substructure.............418-420 


superstructure..... opoodocco ULB 

ornamentation..... oe eee 0416-418 

plates and comments.......,....422-426 

Esthetics, development of............. Ad ddoocdcsoo Mine 
PNITCNOL=DOMS |: s)cie.a7= 9 cei ohesaye te Or Riaiersraciee 267, 309 
PC HOLAG CxOLCOlNIMMS sere yee see oes eite 160, 403, 405, 463 
stand-pipes......... Bene ftderate cist Lens 429-431 

suspension bridges...... Sosas0e@acacn, UG 

: SPCCilicationwtOraytee ets ov <.csic ale « sansaces Mey) 
Angle-blocks for Howe trusses........ aiorevonetsrat eve wee 351 
ALemancdequilibrium"polyeom, ..<:. siccss'cesscscccee 203 
of three hinges, computation of stresses....... 206 
equilibrium polygon for ...... 205 


graphictanalysis Of. .<ccsne-- AT 

maximum stress in any member 205 

of two hinges, computation of stresses..... digera Shsi 
detlechiontotaeten sities cnrciecte 205 

equilibrium polygon for......... 209 

full-spandrel, solution of........218a 

maximum stress in any member. 210 

Stresses due to distortion........ 212 


with fixed ends, computation of stresses........ 216 

equilibrium polygon for....... 213 

maximum stress in any member 215 

stresses due to distortion...... 218 

temp. changes.. 217 

ACHES Ad VANtAgES Ofisae; + olbe< 4c. ss at sree ionteaee 241 

IVAW SISHO leven aerate toic tase ate isi aie a ois 203-218 

deflection formule derived.............-206-208 

ERECHOINOL ra iteeieceeaiec Gat canoe Bote Ae 511 

[AUQORM OT oro tind Gone ORO Oe 5 Sb Camere 203 

PNELISUICEANIALY SIS trt..2 6. civic ce + < Breen trea tek 412-414 
design. See Esthetic design. : 

Baltimore truss, analysis of, for uniform loads....... 60 

Batten plates, design of........,... Soni Gt Obs 253, 341 

Beam, bending moment ina................... 31, 45-47 


moment of resistance at PUP CU e ee dses seven eek 125 


519 


PAGE 
Beam, shear and bending moment, relation between. 131 
SiCanin Sarsthessuinuceraes, santero .e++ +47, 134-163 
STLESSIGISCHDULLOM INA srarerietarleersVersioerrettee eae on 
thUSSEC analy sisioh ase eyes eelcleletei sss Gon 6 LOL 
Beams, arrangement in tall buildings ............... 440 
cunvedssdetlectioniolasrmareeteeie eee ees -2C6—208 
deflection formule for...... sieieles oheviohevateholcle ation 131 
economical spacing of......... Lop sks ciaherettein oer 441 
MOMENE LOLM Ul ool Otel keys eee nL Se 
moments and shears, table of............... 329 
theory of..... srsusisiale ors) ele aralefaie ea everetettaters 119-142 
elementary principles in........120-124 
DISCOLYHOL tee els feintes sistorcieetereneiee 119 
Bearing plates. See Pin plates. 
Bedsplatesmom platerpindersmperieie een cee ee 309 
irestle-columnseaeeeeee eee fodac LOCO 
SPECIMCANONELOLs tare win tetcetes ce cleleme eee 496 
Bollman truss, history of....... slo Fe akeslore ere Mae -tieters 7 
Bolts usevotsamtyecietaccuaice. a kterteans Shelezo: shale cienete cater euenrons 267 
Bottom chords, design of end... diese slarstiatens Soo 6 AEG 
Specificationstonsce cori citcacrereeee 490 
Bowstring truss, analysis for uniform loads........ 64-67 
Braced arches. See Arch. 
Bridges economical location fon an.ccsseeee eee borers 233 
MUMDEIs Ofis passer neces 235 
Bridge erection, accidentsiineer esse aetie er eetenner 517 
defined. iim te wae ccvantaen ene cere 508 
detarlsroiaemrasech seer cereosine ae ooo, iO 
ECNIPMENt MECeSSary,--1aecastere teres 516 
falseworkdforaentca - emcees 5II-514 
hoistinguapparatus torsade eter 515 
longespanubridsestacmaci-cetiekereista east 
pontoon method of........... woes be 
LAPICILy “Ofs spares shrolerkehe whereas 517 
simple trusses..... SEIOLODIS ODO soos 514 
Wia QUCESp tartare yateiers otter siti steele stereroees 509 
without stopping traffic......... Sane af 
WOkKinew plant Tore yl eerste 514-516 
Bridge floors, design of............ slorete's eis sie Siete 281-284 
GISCNSSIONTO litetrdatsreeerekectetete ++ + + 237-239 
nighwiaiysanets <tr sires Rabe eters 344-347 
Platewinderwecmeardetiaet Aon Ogi Mio), Sin 
Bridge strains, apparatus for measuring......... Bagg CBS 
Bridge truss, design of a. See Railway bridge. 
economical dimensions of a........... BOT 
Bridge trusses, analysis for uniform loads........-.43-72 
wheel loads irs ccc 73-100 
APEX OadSirdtetis tesmiisciee sforslotel efe’e leis 45 


Bridges, advantages of different forms....,......226-241 


B06 INDEX. 


PAGE 
Bridges, zsthetic design of. See A‘sthetic design. 
highway. See Highway bridges. 
Howe truss. See Howe truss. 
Seo NORVR eal Sancoonomsawcosothonpovamnoe CIE 


long span, form of....,..:...-.-.+.---++-> 241 
proper structure for given crossing........- 234 
railway. See Railway bridges. 

speCifications fOr... 6.25 .0.-0++----002- 485-500 
styles and determining conditions....... 233-241 


swing. See Swing bridges. 
weights of, formule for ....43, 233, 238-241, 344 
wind PresSUre ON... ..... 2. eee e ence eee 45 
Building construction. See Tall building construction, 
also Mill building construction. 


Barr truss, history of.........- sapere ts og oman doe ate 5 
Gable; deflection Of. Fs. oc sssciwieciewiceerie = Seiler emus 5 
stress in, for uniform load........ . S00 a0 arse LO7 
when stays are used.......... hood M78 
(Galle os dao sh ebODHOCDOO TON AH Sb0D SnoUO KET. Son aod 432 
Camber amoumtiOfr clots ore ss crisiatate oltre isisieitie) aiere Bocce ZO 
of swing bridges......... ROsUDOOOK goo aes 379 
PUTPOSE Of smrerieres sgudoododadouDGuSS acco PAS 
SPECINCALLOMMOt serail rials Mer ielerete sy eerolole 490 
Cantilever bridges, advantages and disadvantages, 198, 241 
BUNS Olle. goa rtemodu0 0 coltooe 198-202 
concentrated loads on........... 199 
ELEChiOm Ola. ceeruerete tere erieret tere 511, 514 
IK) FINS Ching c.ao.oh noo oo DO ODO AAD OU 197 
Bonthebtrid cen serrpaetrra erties orate 197 
Indiana and Kentucky bridge.... 200 
influence lines for ...... oudogded 199 
Kentucky river bridge........... 197 
WMINCLGRESS oon Goobosucpecus 202 
Centritugalitorce;seileCtiol.y. sia) teletellsralelecre ordeals ats II7 
SPecificatiomuOrtemeunendererieiene ers 487 
Chord packing in Howe trusses........ efolelstee oxeisrenee 352 
Choxdisplices sms < SS aerate ia lovstetiatn syapntetcheiere nies 349 
Chordistresses for uniiorm! loads swe .emi) sees: 49, 62 
wheel loads........ SES Rte 79, 85, 88 
Chords mde finitionvOftmercreeraew siee tole oon o\ouda coco 
Malt OO coo seo Snnoaddoasu6 abSOKbos 280, 490 

top. See Top chord. 
Clearance toriniviel headSprrm reste esiecier rn enaee ae 258 
SPECliGatlonmorwartac Teeter. Re OORO SEE 486 
Glevises; dimensions ofistandard=ac- ce secile sie oslo 4 249 
Gollistonystruts for Howe trlissesya.aassee er nest 352 
Specification tot. nse ane ae 486, 490 
SEXO facreloverareletrsrer ciee mercer ete trae tee 281 
Color wartisticsuse! Of... sc SRECH EL Ouieen Bio ute carte 415 
Columns, anchorage of............ 160, 403, 405, 463-165 
arrangement of, in tall buildings.......... 440 
asesifOr cir. ctetere BOMCoO ED OO bor +++ +400, 467 
DAtlen: Of si. enaieheiccle isl oterlete etree ieee 393, 487 
CAPSHOD.. eniceiete SDAOD eS dears sleet eter tae 400, 458 
design of, for tall buildings............ 450-453 
ehectraiend conpitionsa- eet entre ee 147 
Euler’s*formula fors......... SUDO GOD GD o uc 146 
FailiineppvgDen cit outs cit cise rae tre eae 145 
Crushing. "atuee 32ers 143 
crushing and bending........... 144 
for elevated railroads..... tse eee+415Q, 403-407 


PAGE 
Columns for elevated tanks ......0.eeeecece eee + 434-437 
mill buildings..........5. 463-467, 469-474 


tall se «sveee+ 440, 442-444, 450-453 

iKestlesmpereererere mn S orereterd ais waren 309 0391/5 400 
MOJAVE Olka po Gow sensieus ener wis elorde isis eso Oe aoe 
LOTMA MOK Gerken eee oe foseeele cee eLAS—l 5S 
loads on, in buildings....... Wowetieeiee ee eeAde 
new. formula fofaesse strc siiei ecto ana 
Rankine’s formula for....... siete! ainvejs'seistsie seek 
straight line ‘ Sm ch cihararerste POO Ao ae I5I 
SUneESSESLIM erties 159, 405, 450, 463, 469-474 
tests Ofc sacle: SYalle e cians te.oici ealeenitorterans Sei Lae 
timbers. srfaerateas ore Seihertere Aieieatette SouddoCS Sts: 


wind stresses in.........+..++ +159, 463, 469-474 
See also Compression membets. 


Combined stresses, action of.......... stersbterhecaseaye See Oa 
compression and bending ....157, 159 
Peo Oigauomguaccuggooona0s 154 
formulz foretell SO abG0c 154 
in end posts, from wind..... Sous 20548) 
tension arid! bending cece stele 155 
Compound sections for tension members............ 251 
Compression and bending............ proeratenees «+ .157-159 


Compression members, bending due to weight....... 490 
economy in manufacture.... 251 
resisting stress.. 252 


end détails: of manieemicee Boo OSG) 
formsioly.cescecs LJectahelens 2a Lemd Spe 
formulz forsee te eee 255 
latticing of oases posocoens xe 
limiting dimensions of...253, 490 
specifications for........ 490, 494 
tie-platesionyye erent 253, 341 
See also Columns and Top chord. 
Concentratedjloads; analysis fon... cai eeetoe 73-100 


conventional methods of treat- 
MEN... 1.0 eee sees eee s -LOI-108 
graphical method of analysis. ..84-88 


on cantilever bridges. eee 199 
position of, for maximum floor- 
beamMoady ase. cane eee 76 
position of, for maximum mo- 
IME Nt sere Seleseineichs aerate tere Sof 
position of, for maximum shear. 77 
Continuous girders, formule for moments....... 127-142 
Shears cieeeeier 140 
reaction constants for two equal 
SPanS sfeqessarstoversbaree eooetere 139, 182 


See also Swing bridges. 
Conventional methods of analysis. ..........1o0I-108, 142 
Coping of pier, esthetic design of................-. 419 


Corbels in timber trestles......... aisle vos ieialalsiefoletaierst OOS 
Copnices: 2s. v1.) meyers + ecsieteteisiers eee eae eee eee 422 
Counterbrace, definedie ovccice eee cer ete 3 
Counters, defined ........ Gla oisiace. ni ejtiereteleheisveleneetcht mamma 
Couple, Bn So cinn Saco ac o)0:4) #19016) oe 0 eievsinletera seeiel sl LE 
Cranes, columns and! gitdersifors. ase eee 466 
Crescentitrussemereerneer Heloise Jelsieistelae ieleinialetelereiels Soma 
Crushing strength of columns, defined.......... eee 143 


Dead loads, bridges. . 


aan Mar UGWa a OGG boeiglaeiets paeteel wae 


buildings ets elsereiersistersren ee eeieiee 443 


INDEX. 


PAGE 
Dead loads, highway bridges... .......eeeeceeeees ++ 343 
LAL WAWar DTG SES iabe eh wraict cle rsiieroisiels © ove.) stoi ae 521 
OO L Sfemmeatets tat eso set ohstons “siaver i chavsisiote srarstarwce ec 33 
SPECIAL Omet Otmeneatetcl excin eters ale ceieieveras ole 487 
SWAN PADI SES hat swicie rs sie cere settee es ate 377 
Deck-bridge, defined........... Sanshenys sievse deiaalee s:0 5 
Deflection, effect of changing height of truss,....... 224 
EKLOLSMLOMeneglectin gs WeEDswaltceselesesye as 227 
formula for a Pratt truss......... «+ 222-224 
TOPE. oo Gece coool BOO OF ad 131~133 
frotarchordanduwebecinsis telslerteiec ici 210, 223 
ANCLAS LCS sree ceca yacpetalsitielaie ste: ots Ree 3225 
numerical computation of.............. 0 Bay 
of framed structures........ ahah teveretei en: 219-227 
suspension bridges....... Rileoefeel 725075 
a Warren girder............ Sega o¢ Soho: FANG) 
DerrickwA\ che <6 FO SOOT ROD peapnictisbe cence Marateie est 510 
WeGHiCkS eGAeSChIPtlOMiOl =e eresie o elelorareie ele c/eie se sacs Se tats 
DECAL SHO CON SEIMLCEI Ory ctotats <ratiecsis ate cle) otstie- #0, e/er6 a1 257-291 
Dimensions, artistic consideration Of........e.e.e0% 413 
Double intersection truss, inclined chords........... 70 
parallel scl diei ccsdayes chaps ais 57, 97 
trian SUlarltrUsSiisss) «iciss)eie/« 59 
Dowels for Howe trusses..............0. teniorarers sess 352 
Draw bridges. See Swing bridges. 

Eccentric loading of members...... Beteisietelelsivetie O48 453 
WUE oc cdcG.on0 angooUgssue. II5-117 
BCGenthielEymOL PINS ee CtLOL a1.) rlsiscriseier seers es «+ 158 
top chord, computation of ........... 325 
Bilastie limit, defitied 222,.).1. © «sieve ee cies BE Naeiehets alots een Le 
Reilers iit ype MIO GUIS Of erarete fare ei einie +.0\+/o1cloel ole!sie\ 0 eeiare' 2 
Elevated railroads, characteristic features of......... 402 
columns, anchorage for.......403, 405 
Stressesiinteie..- 159, 405-407 
CODE Dis oceans CoodeabebE mnanden 410 
economical span for..... CmbOD GaN 410 
SHE CULO IML Olinierctaletereicoivisielse olla ekeie ls eu 510 
expansion joints for......... 278, 404 
AlitstratlOmsrOteieesnieycrteteray tee 407-409 

lateral and longitudinal stability 
Ofteerce “OA OOD ROE EOOD oon oa 2K 
NiVeNOAASHOL Welerssie + iersielersloieies) 16 402 
: wind pressure on........ 00S o 404 
Elevated tanks, concentration of loads to columns... 434 
cost compared to stand-pipes........ 437 
CIE MSIOUST Ola siesta else lelce's «) <2 .a0016) 437 
general design......... AOC OGUDOO CSL 
Material TOL ji. cee. scree MOOD OOL 438 
BIVEUING Of pete eo cic /enis| sleislels oa eel 434 
TOO fiery BRITS sl Navoleraietelaiencts vis sels 436 
thickness of plates .....0+e,0ssss00: 434 
LOWE GESIOT OL asejeiein cieiie/o\oeisie1s e101 437 
Embankment, cost compared to iron trestle......... 396 
End-lifts for swing bridges.........-. eaves 364-370, 380 
Engine €XceSS....--- seers eseeeee Bgetete resieliels orelefcake IOI 
Engine for swing bridges..... --ssseeee eee sone + 6374, 381 


Equations of equilibrium, analytical application of .. 14-20 
graphical s ‘6 | .21-32 

Equilibrium, defined......-+.--.-+ 4 rol WN rates errr 
laws of, applied to framed structures . . 11-32 

Equilibrium polygon, for an arch of three hinges..... 205 


521 

PAGE 

Equilibrium polygon, for an arch of two hinges....-. 209 
forces nearly parallel......... 22 

Parallels evovtes core cercenciere:creye 25 

reactions found! by. .........- 22 

relation to stresses in arches... 203 

Through threespoints jones 24 

Equivalent uniform load method of analysis. .102, 105, 106 
EXCESstlOadsn Arpt tepid cateahe aothtys cuersteiss eaten ae IOI, 102 
Expansion joints for elevated railroads...... stekenarereyene 404 
iLdersie cee istaihetotetetey crete Fomoc e7ke 

ESternalocces:d ctined qerdeicrs thee cricteeeceietee oe teeter I 
Eyebats, dimensions, tabléiof......-..-cesee qe eoee CLO 
lossrobastrengthunsterrascien aioe iecleiecine 246, 248 
MANULACCUTEIOL ane ccsrelsier @ senses need O 

packing cof, OMe pins ae en crelstesie rere Sutmc nome, Lf) 
parallelismuotienacst. Ore OD DR Cb Od 0 COT os 337 
SPECHICAON GLO tasers acted aceite stereieraistoits 495 
stiffened..... HOES Oncor aor PalieeMatere eleisracote 280 

Stress due tonweisht Of secre ste ators cere 155, 157 

Facing, method of.......... Sh cieqelevoraNelale stateneicretettlecsence 504 
Falsework, framed trestle.......... niet sastenevelatotexeter siete 512 
pile as draru bats ata¥s taveiatace crseteter er eNa erate 513 
Suspension) bridge! fons. ecsreelee sisietsioniele 511 
CLUSSEGSPansOnaemeiecieies Anguddccoucoecce Bie 
HatiouestonmUlanscgme eames CinfevelsressieKslere shore Soon PEs: 
Olsmetalseeveee ees sidlete/avaloraievete SH OIIGEIO. DOC OS 242 

Hinks truss, History: Of. pie. torrerccvorommeveteni oy care ntorse ey 
Flange areas, formula for....... GO TORAtE: Bmoto.S Hc 298 
Rlangexplates, lengthtot sccm secs Gcanoc Goacon SOL 
lange splices. voce a esiesetes sfeleueketeuec Mew acoente sreeteastors 307 
Hilangesd esion lobemraymetoie steer terete eeernaetars rec eiee 301 
spacing of rivets in....... SAO OCCT ROCCO OC 2098 
transference of stress to........ ators or 304-306 
Blocwiweicht rota iene oe eueniaot toca trast teers 443 
Floor-beam concentration, computation of......... 76, 83 
Floor-beam hangers at hip, design of............ Bobo Seo 
ENO sccocceacs, SeOncoceuoS soe 284 


Stiffemeds dine surerkeracioneiere sieteeran ines OO) 


SULESSCSuLI art ter ane Spc tCua GUS eas TOS 

Floor-beams for a highway bridge, design of........ 346 
TLOWie; COLISS eveiaeisteletnersererterero oa 60. BES) 

TUM ARY ARS: Gan cogs CScoGddan S27 

Floor system fora highway “J .jcnscise.c-. ee - 345, 347 
ce en | MO sa  mmomono tio 326-330 

through plate girders....... 237-239, 311 
timbermtrestlestrtiatthiker- TODO GC 383 

gemeral design of.......... 237-239, 281-284 

Floor systems, illustrations of........... make feloie hare 282-283 
HOLCES KING SiOlceriatterueistaleleiateteln< e}- so6booeGoddodse UL 
KONI COW! EY STKE Gonos ooonOOS pondgscnosoddues JIG) 
Porth bridge, diagram! Offs. ees: Meketer eens Ao000 O46 197 
wind pressure experiments at..... éumco Se 

Foundations in soft soil........... noidinina Bone ec oC AiG) 
Framed structures, classification of............+.--. 508 
definedicsim. tevtere dacndococsooo 

erection of...:.. aieislielele recieve 5OO= Sinz, 

Friction coefficient, specification for........,..+..+. 490 
Friction in swing bridges............. BOSH OOD OLSEN B75 
Fundamental principles reviewed... ...0..seeceee sae / SO 


Gin-pole, defined.....eerceeee es ceescerscteeseeseee 509 


522 INDEX. 


PAGE 
Gin-polewraising nol qarsiewteinicielele so eleleleisie oleisierstectereeeieem Ss LO 
ee 509 
Girders, moments and shears, table of..........-... 329 
pin bearing for....... SOUS OBOOOA De commooc She 

See plate girders, a/so lattice girders. 
Graphic analysis for concentrated loads............ 83-88 
of trusses..... AD. CoomRObSt +21-42, 68-71 
Gravity lines non-intersecting, stresses due to........ 163 


USE’ OL coteresie elas lerelarielccore cletetele’eievs siete’ eeyrte 


Taira lScpercraxayctewlolstaieVel sels Aic/cie a svelte cis clevetevcieterelnom odd 
Hangers at hip..... ajoialalele o/s) evalolere elisreleveieie'e sjejerevelsvele oS SO 
plate... ie ialofaicivialole wie's) eisieleroleie ein) siereleie(eren OG 


SPEcilicatlonmtOnerciincteiciete eocieils leleiecresre en OS 
stiffened.... 

SURES: lo cocddoncooshocdgscosnoogoa00K SHéte 
CEStSVOficteramacist. shotletsterelstrareterys SHccocpaGond LEY! 
Highway bridge, design of floor system for a..... 345-347 
lateral bracing fora...... 348 

main members “ ...... 347 


stalelelefeleiersieleleielele ieieictetelcicters cleletelsi OO) 


Highway bridges, dead loads on...... Fo ocauéaddsps £48} 
desismiolidetails yeni cts oe siereise Ad 
GIMENSIONS.Olswmrecielsicwlerslecla closer O44 


MOOLS; MOLMScOlsaeiectersiecre ei ecsieeic eS Ad 

IOVGINS: Ming oo. aoconocodnOSOGdo Hoo SYR 

general conditionS.... .sesccccees 343 
handGrailsiforsyccssr selesiacie oes se 44 
livelloadsronieectencleleoieine tereetelss 440345 
panclelensthitormencesseclescielacte ten S45 

WIPES Of sere coueisremieiscdiciiote ee44 a S45 

WOLkiNg Stresses fOfsecle) circle teen 344 

Elipsvertical edesigm Ofecmesuellonaslaeie oiacieielseieles ete GSO 
Stiflenedrer. secreyvemctoe 

Historical development of the truss.... ... *080000e5-10 
theory of beams ..... 120 

Hoisting engines........... coset eld OUP CHOSHOOCaUGaG Gia 


angle blocks and bearing plate......... 351 
billotmaterialiforawececcciasele eres S 
chord splices in......00.00.000000+-349-351 
AeSIPN Of sar. sonic cca. icles oo eies «16 6345350 


ING toray WUT a5 sco wo comanade combonate: 5 
miscellaneous details! ct dsierie scene sno SES 

’ Howe trusses, advantages and use of........... sete 340 
of long span, details........ SQuosGoGE Bie 

weights and quantities............ -43, 354 


WOLkingEstressesuoreserene aceite: 353 


iheamuspans, specifications fora. neeeeee ee eee 491 
Indiana and Kentucky bridge, analysis of........... 200 


Influence lines, defined...... sheinlelolerelereisiolel o\clefeleisintelctenney > 
for cantilever bridges...... ceeeeesee 199 

double intersection trusses....... 96 

moment..... “i sielsleleleissieleeis cis e745 108 


panelsload! Samrenys seeeaeceet eat 76 

Shears i: tie ssefaoete meee Gir 

skew \bridgessi<. 26 s,s once SO ONNIOO 
inspection of mill-work...... sisieiele\satelelesisle ciiaterieie ae OS 
Shop-work...........e.00eseeee0 6 «804-507 

records for..............504-506 
specification for... ...... 06... seee eee es 498 

Iron and steel, zsthetic qualities of ............... 414 
inspection Of. ... 2... seeseseeceeees 502 


Seletclelsislcicielevereisieiel icon 


PAGE 


Iron and steel, manufacture Of. ......--ceecccceseces 50 
wrought, specification fOr. .... 2. eeeeeceeess+ 497 


Joints, details of, for railway bridges...........-330-34I 
packing: Ofeec caterers a vielcie v eclacieielersa tess COOOL 
riveted, See Riveted joints. 


Kentucky River bridges iis csr sicic «sic cicisislelelevieleiealainekOn 


Lateral bracing, analysis of............+e+.0--10Q-II8 
effecton' hip verticals aewiess ellen ter 350 

for plate gitderss.,.csseen een seek 309 

railway bridges........ ....328, 342 

TOOL tTUSSES te eiosieietaei=iel hist SLO OS 


Swing bridgesienmaciclecmieen 376 

forms ofc. eter eer ereteneoverie 282-288 

specifications for........ BORO 85.06 496 

Lateral rod, ‘stressiduesto, weight-ofs.1-rereererrietete tern 157 
Lattice bars, design of, for a railway bridge......... 342 
generallidesion Offs. ..1-lateen en ee eeeS 

SiZevOter retire slots otysiate o(cieisaerersielNenete 291, 404 

Lattice girders, advantages of............. Soo cso0se B86 
designiofenniwiceieeeiiee ve ese e eee 230 


ELECLION) Of.).\01s ec wieniersiesieitemielasen ieee SOG) 

pin bearing fore. set <lestciciiene eT 

Secondary, Stresses) in). /miel le teeeeeTOS 

transportation! Of. oo... ac «see SOS 

Weight Of- ~~. cicscie seiclelelee tence aa ode 

Lattice truss, analysis Of.simcnue cine eeeceenceee 59 
Launhardt’s formula. ......-.0.ssceccsesccesesevace 243 
Lenticular truss, analysis Of... ....cscceceseecsses 67 
Live loads for bridges...........44, 79, IOI-108, 142, 343 
buildings....:.«. csisiicae costs aie 444 

elevated railroads. ee eee 302 

TOOLS .:9's,0:0'e/s (oe oslceisiekeicre ieee 33 

Load Uline. cicnree asrealecisleiel cielelsioieeererete erie ee 85 
Lomas nuts..... aisle c\e\0s e 0001s slg wisisis siete) elelesiciecice OG 
Long span bridges, forms Of..........0..eeeeeeeeee 241 
Loop eyes, dimensions of Go: 50.008 eecee ee cee 247 
manufacture and use of................. 250 


Masonry, pressure on, for swing bridges ee vaccines 5O 
specification for....... seeres 4Q6 

Material, influence of, on esthetic appearance....... 414 
kind of, for various members............. 486 
Specifications for. 1.) eee ae ree eee 497 


Maxwellidiagrams: esata ae eee oe eee e eens o 27-29 
Memphis bridge, movable bearinesfor. eee 277, 
Method of sections............. mre aeatevetne wsieielelsiain eter eueLO 
Mill buildings, analysis for wind stresses......... 469-474 
analysis, methods of..... eso aseccnces AOR 
bracing, systems of..... aie veeee weiner AOS 


columns, basesfor-seeeeeee eee eieisietcte 40; 

horizontal forces on.... -463-465 
connections, design of............ ea. 467 
Corrugated sheeting for....... eees.. 468 
girders. sence Lees eee eeeeeesee 4O6 
lighting and ventilation... seeceecee.. 468 
loads on, horizontal-tisee eee 461 

Vertical. . 2 scakieehs Spm amen 
piers fors-cvnune eae Sondeac vis) 
purlins for;.<..2swacen ea seanseeeer 468 


INDEX. 


PAGE 
Mill buildings, roof trusses .......0.0ee00+008+» «466, 468 


WHOIS TENTS So ashore pte anne eee 467 

DES Dis utcitineo caus oc cHecodsadaae 460 

wind pressure on....... sto Gconganeog ZiOK 

NGM Wear Ka eS Crile Ueraersit iene veces aieacercleaecie® svdieta. oes 501 
IMIS PE CULO MON aioremleleieaieieteasielsisieieierierereen a) SOS 
Minimum sections, specifications for........... sedge LOO 
Modulus of elasticity, definition and examples....... 2 
Moment mdefined yeh os cissrd sic co's Sakers tenes oe biome eciers II 
AMP AMUAL CLItsrais et erciois sis eas /atel wie Eg oO DUSOGC 204 

in a beam, for uniform loads...........-31, 45 
concentrated loads....... 45, 75 

cantilever bridge. ...... 6.5. erate sie. 199 

truss, for uniform loads ...... Sho CONE 32 

concentrated loads......... 75, 88 

influence lines for....... .......74, 88, 96,199 
SigiMeOlercnel ences ener Ma epee ote sie av ontieiele: speieie sce 45 

Moment of inertia, graphical method of finding..... 128 
of top-chord section........ 56d Sag 

tabular computation of...... odoo Lay 

Moments and shears on girders, table of............ 329 
Moments of inertia, formule for............ ee wees 122 
Moments of resistance at rupture...........s.e0000% 125 
formule for....... 6.0 omo.cd, eH 


Moments, tabulation of wheel load.......... 
INGLES MECH IMENSIONS Oliercrcis s:eicjele\s 6 erie sisie Seleiele cisiecve.s ena, DOS 
Ornamentation, distribution of... 


sonco06o CUNO 


HOWE Clio So ovacctoo cao oKdOoOboEoUs Maly) 
Object of. <<<. Moisisteyesietelreter icles LALO 
OIZCOPIN ATO! | PICT staleya\sieye) siele).siele sue-sretale 419 
OISLOAA WAV releriteleicilehesielelelesleieveterscie ALD 
quantity of........ eiteteleleisisiereieieiaeeiser4 LO 
Scalevoftriass dees cic aeeye ctoisterctacaretve.e 417 
SEVIOMOL cratafsteiersieie’sloyeicve etvicte'*.0s sees ele 418 
BackingOf JOINTS: << '=.ts1e.clelale, sesso 6 U.0066 GaLO OGRE Pop 
for a railway bridge.......... + © 332-338 
EAIMUIN a eo PECIICALION LOM, ocieleivieieisice sisielele sees ee + 400 


Panel concentrations, computation of............... 87 
iniamw hip plentrttSSertele «ls ateiieis'el <1 O77 


Panel length for highway bridges ....... npecddoooas Ses 

Fearne MLOAGS Mara aie stone suscesern cial’ old e'eis.a) sus sintetonereials -45, 87 

Panels, long versus short.......... HogQodp3cpoeony Bee! 

pedestals for iron trestles. 0.60.) o0c2<. cle « AOOUROOODO 399 

Pegram truss, analysis for uniform loads.......... 67-69 

wheel “SoD B ROOGDE g I-94 

Petitiruss, advantages Of... .2..00....00 0.6 yb roileystere eis, 240 

analysis for uniform loads.............. 69 

wheel OS SOS sieve 4, 05 

Piers and abutments, esthetic design of.......... 418-420 
Pile trestles See Trestles. Z 

PAOEDEALINIS: LOT OITdeTSa cae. «5 oes Jevcouc ogo Te) 

Pin-connected trusses, advantages of.............0. 240 

secondary stresses in.... .. >» 165 

WEN Oinn oopegope op cobnan oa ey i 

Pin-joints, deflection caused by play in............. 225 


Pin-plates, design of, for a railway bridge........ 
LOPMEMSIONMMEMDETSsc\ccrs csc cceecsins 2ST 
lencthvon. cyt ss '<'s + GD Oe CH IE COD OL 338 
PMICKMESSy Ofareremmstreeats derersisieie «6330, 332-330 


523 

PAGE 

Pin, position of, in top chord........ SoooubECOUDARS 65 

Pins wDcaniNnoevaluesrotepens: eee. otch eaeeetne 273 

bearing values of plates on, diagram of........ 274 

bending moments on, calculation of........ 270-271 

tablexoths .vawdarrte sien 5, 27/3 

design of, for a railway bridge............ 332-338 

diinensionssofEstancd andesite sere eereeraer 268 

dULVING Ofte, gre soe o etene cine miin evens ateleneratetens <3 51€ 

ECCENUICINVZO lana eee aiigredets spare /atorer tears 158 

Hibregs (resSesninmmr aeraisere eee Siere istetereteye aeeaey 271 

formateralunodsseeemioeecaen aje ere ae dete « 269 

Sip, CAlCUlatlomnOl arse aka teteste GROOM GUE. 269 

packinglofsevebarsione..dcen aime sere steton yee 272 

SHEATING Stresses: 1 Ohreriaelsrr stem Aalseree ee eee ete 269 

Speciacations forentaveacts sna earns ae 489, 496 

stresses, calculation of. .......0«.- Mirsada 269-278 

WAT SUS SSCISES MGT og geqccmoboane 271-273, 489 

Pivot tor deckiswingabridsesananereas iain rer 359 

throush swineibridgesy.. sarees 357 

Platetsirdemswingsbridges..ce eerie ec 357 

enduliftssfonge: tics ee cette 365 

Plate/girders;advantavesofs. sateen eres 236 

anchorgbolts fora sepatycsty settee ters 309 

bed=plates fortis seicisiscstels sisters see 309 

calculation by moment diagram....... 84 
concentrated loads, transference to 

WED ils ssicietelete savers Be) arelereioteneetets 207-505 

designiofadeckom manatees cicireaenier 299-310 

throu ghiperesrereenetnete Bie S103 hE 

economicalidepthofenmese msc 299 

erectionvol sists ea ae eo eee 509, 512 

expansions bearings forememiyesieiceele cele 309 

expansion joints for......... aie eneewieteen 270 

Hangerangless size Of. wie serie GOL 

flange plates, length of,..... Sto pouOC 301 

Hanges design Ofsacyaciers sy aitemrerers 298, 301 

resultant stress on rivets..... 306 

Livetin goof eeeac iaee 299, 304-307 

SPLICESHiNereremrererenveleietehe taney 307 

transference of web stress. 304-306 

HOOKS Gesion Oh eareny tel elpetercer Bod. Shir 

SMLOLIMS: Of Risse sie erin alene he Room Bets 

fOrmNnSrOlPan nord ocsrsiere teste acetens Sopa. 22 

lateral bracing of........ Sc anoconge.ce 309 

long, specifications for......... GOD EDS 494 

moment for concentrated loads.... ... 75 

KESISCECUDV WED aarecierreeieere 292 

moments and shears on, table of...... 329 

Pinibearin gto creyemtterecree meres cog rhs 

shear for concentrated loads.......... 77 

specifications for .............- +. .492-494 

stiffeners, design of.......... 136, 297, 308 

theoretical treatment of ...........292-208 

transportation of............ missin nears 508 

Wi, CES OS sospgodgeoneenoadn0G gor) 

dimensions of......... MOOSE Ow 203 

splice for moment and shear . 293-297 

splices, rivets in........ ngovdooc 307 

WEIS EKOl eres chelslelerereslele dagngnoDaM ey eee! 

Vwi Cicnecuoaguoc SOOM OD.CIOOO HOC 0 309 

Plates. bearing value of, on rivets........ proscar 6 274 

limiting weight Of ............- Aeonogpodo ma. Lob! 


524 INDEX. 7 


PAGE 

Pontoons used inierection: av. saciccstresives teieceeenes Le 
Pony truss, defined........ POD GEC POOR CUO OLOReODOK 5 
Portal bracing, analysis of .....110-114, 159, 288, 405-407 
GeSign Of. ccs SB OOC.CCD CEs 288, 455 

FOLGE OW CUMUISSES forie cto le mericte eee see 35S 

in tall buildings... ........0..---455-457 


SPecificatlOnGlOtwere sree sieleitieleve eters: 496 
Rortalistguty designiolsracia. sierecre oivte sloretoeie aietere ctetaieiete 329 
ostesplicessinitimber, trestleSz. ve sc ecemioowe eee: +a Bow 
OSE CUUSSmAN alysis) Olejocslereiseree ives ei ectereles Secccan &) 
history of..... SOouammaTonDoBotcamuGoGao ©) 
POSTS yi GetallsOfierertecieis cic are eloluisisverctete svetelaisherers Bape SYe 
rath truss,radvantagesrOlis.jentes seecistee ste seers sletie 1 240 
analysis for uniform loads.............. 56 
wheel UE et An Seats A 79-83 
deflection formula for........... vee 222-224) 
from web and chord....... PMY PPM 
depths for maximum stiffness........... 224 
INI GAO Ing son000 donde boa doco Sau.80 9 

subdivided. See Baltimore truss, also 

Petit truss. 

Punched holes, effect of, on steel and iron........476-483 
Punching=smethoudsioleciar te acces telicelelewe cer nan 503 
Purlins, design of....... Aelolefelaraietewalslciesie's| otro ot L OM AOS 
spacing of...... sleisloie’sials lel elereisieicieleis slelsire s/o SIA. 


Queen-post truss without counters.................+ I6I 


iRAilings pcesthetic design Olmcakyeemeeaienicie cone eee 22 
Railway Jbridgen design Ofsacs dee sees cciicies cen 321-342 
Hoonsystemyaee oe: 326-330 
joint details. .........330-341 
lateral bracing ........328, 342 
main members........323-326 
Pins tierce 332-338 
SHOES Erie cone creer nee 341 
Stress sheet fori. 2o2 so0es saemse oc) 33% 
tabulation of stresses ina.......... 323 
working stresses for a........... .. 322 
Ram and toggle-joint end lift... ....cceccecees 368-370 
Reaming, methods of............ Sisislaxs oiereietsistarcletatoters 503 
testsstordeterminerefiectes.ceesioes ee eon 480 
Redundant members, stresses in .......220, 222, 226-230 
Bre Peed SELCSSt near ae ene wm cle nek cc auet dete. eee ct - 242 
RCS MEAL SAGER EC A ati ceca ci ue ae ear ee Oe eo 9 
of concurrent forces....... eee ceeeee. se LI-13 
NOR-concurtentlorces sae eae 13 
Reversed stress, experiments on................<.. 242 
Rivet heads; clearance for ss. is.c<0.seicodessssssce. 258 
Sizesandawei cht ote ete enn ae 257 
Rivet spacing, general rules ... ... ietenelafeielanrete later 258 
in angles, channels, and beams,...... 266 
Sitder fancesaene see nae -298, 304-307 
SPECIICALLONSEOnn ast Seen eee 491 
Riveted joints, calking of...... pfasieivinlesicivleie oleic eta 
designoftien sameeren ea ae -.262, 263 
Eipds off jn cGcomo Gace ee 261 
Strength, table of.......... ealisteroen 432 
tests Of y-5c.1 ae -263-265, 477-481 

Riveted truss. See Lattice girder. 
Riveting, clearance for tools.........., Toe wEoadon so 
effect of, on strength of net section........ 482 


1b Oh Rae ARB ite mre t eer eGar ec 18a © 510 


Riveting, inspection Of ...ccseaseccsecesvccsee: wees 506 
MethOds:.Of:/csia whe wate ots olielstelwsiclole elereieiate ee SOS 
of elevated) tanks iarecnietertee atelerelslststelate se efetetemet ot 


stand-pipes’..... «0. Sorncucoocapoocaoe “Sli 

Rivets: bending Ofte mei. ction cael SOD OOOO sco co 261 
conventional Signs Ora. seeiees at S00 GGoRGe 267 

in pin-plates........ sleicocolevehasQueltatee stale tetebe see 338-340 

length or grip Ofc a cemrslee rosie eke nteretet BG 2X0) 
location Of, On Grawings..s. «+ sleelcisielsiets emia OO 
Materialioraaenetes a aloieicisieeiofeteete chblereletertsrtemec yi 
S€CONdary, SLFESSES Mea) ciel seleloleleie iniere eet aLOS 


SIZE VOfives.teciere enivesefeloieievels eitieicielociare eee = aoe 
specifications for...... ... salle! sils(elelaaieieieloinre treed OW 
Strength, tables jolla... -s1-ieleelee oases eet cOO 
Roadway, cesthetic designiofs. ec. satsee sone eed oe 
Rods, dimensions of square and round.............. 247 


Specifications for. .7.s 6 ssn eishcke sictele eteteheis wes AOS 
WEIN) Panto cae SO Osh Onc C00.0G sietcherake pomomododsc ya Bae 
Roller-bearing, design for heavy........... Soouidonod /7/ 


Rollers, bearing strength of................273, 275-277 
EXpenimentsonaseetele ee miele See 

for swing bridgesconicalaawcmeree ae ote 359 
designof.n ees SOOO ZVis) 

Roof coverings, kinds of....... slvieieie stot felejecleremete em UeT 
WEIGDE Of). ecloreicsia ersleleletietiseieee SSeS aeT 

Roof-trusses, analysis of.......... ..34-42, 314, 469-474 


ee oe eeesece 


ATCHIUMUSS serene SHE DGODGORSosCS Lil 
Crescentitrass. jcc a cisleeuntoleate ale cine jOsdt 
dead: load: ons xc titiaen eee eee 33 
Gesigniotiysancmre atareee eveecceses - 317-320 
economicalspacing ofao.ie aeeseieee 315 
erectionioi.es<ss. eee sees ereeerecess 509 
expansion of...... ses seeeseccevecee JOS 
Fink, analysis of....... Spodccoosieosss ih 
table of coefficients for.......... 318 
forms-af sys case aaes eee cee ee 635, 313, 466 
lateral:bracinsvofes.-ae se yee +319, 465 
live load on,...... ore e eee e oe. 33, 314, 460 
purlins;-desioniofiseeee ae eee -316, 468 
Proportions ofa e.iceeeseile Sees = 323 
TEAChlonsMOtae eee di shelalisleuerefomrelere Se 34 
riveted versus pin-connected .......... 313 
weight, of «soda eotecn ee ae 314 
wind pressure on......33, 314, 461-463, 465 
working stresses for...... sictese eeew lee SES 
Screw-threads on steel rods...... eoininaielaiansieisleceicleretna OG 
Secondary stresses, defined....... aieiets| esos oe sive eueteelOS 
due to eccentric loading..... woe elon 
non-intersecting gravity 
linese seen Sse aeteten 163 


tigidity of joints ......... 165, 


in ‘TIVCtS Gave ee ee 165 


Shades and shadows, artistic value of........ wevrereee 416 
Shear in an’arch....... + si (0.34) clnisiareleiniesalp ohersteieials ane 2OAM 
a beam sean eck ote cece eee eee G7, 77 
AitrsSeverraciets tts esseceees coe ens slecesese 77) 
cantileveribridgesi jac)..siec emis eee ene OO 

Sion Of seiner H a]ele'sieie /- ai 019 ele)e\@/sinieielnie eiaieieieiel AY 


Shoe, designsof aw cise i ostels sca ain ee hes Ree 289 
Shoes, details of, .4.2cj, «.c.cmeise ene eee een 341 
specifications: for... aa. csamcae tere eee 496 


ef 
es Se 


a a 


* 
‘ 
c. 
4 
5 
2 


INDEX. 


PAGE 

Shop-work, inspection of ......s0.c0. 000800020 «504-507 
processesideseribeds.«, (2.0610. eee e 502-504 

Single Shapes LOLtENSION MEMbDELS 106.7 - ss crels s ohove 250 
Skew bridges, analysis for uniform loads............ 70 
wheel Ko Goole siconne ye) 

SAW (DOWID Sa.55 c0.co CoO m0b0) Od0O DOOD UU ONOaE UO GOOO 114 
Sleeve-nuts, dimensions of...... Hu GH Sdos SUROOS OBE 249 
Spandrelisections design Of. a. «esa secscwelsc 447-450 
Specifications for bridges... .......00e: 000.006. .485—500 
SLECHANGMTO Mm eter) se ielerctors.o) «\slolere 438, 497 
IWOTKINGUSTFESSES nies» sielsterscs| ele eicicic.c 322 

Stand-pipes, anchorage for....... Reiter eisleseerere 4 20-451 
bottom of <<... doucucan oocodudcubodee CRY 
Callin GeO ferris crerstern cis ievete(e co008 cadob0e 432 

Capacity Of%n <<. Sfavosle. pododonccu0s 2 ey7/ 

Costiofz..1. SO PAD OGS UD OOOO DOGUEOUEGS ons 7] 

material for...... aiecavenetovete aisne eee Alo 436 
OUMATTEMlALlOMs Olerersmieis}e sisielets aicie e's sconce MEG 

RIVETING LOLs vey ee se 359 06020000 aco be S610 ZUG 

thickness Of plate jomiersielt cere SR DOKI 428 

LO Pi Ob saccrenicie aie eo) cteateres|elstesis «e's ayeterstertore 432 

Wind PLESSUTFE ON. . cccccccossoceeccioss 438 

Stays; action Ofs set. >. ese oe Awodn otoddaneudos . -169-174 
deflection of...... AODNE GOO U,CJOOO Ut OUGGC OILY iat Wis 
SELESSCS Neer ale telere'e soovoacaco dusccouond spoof 

Steel and iron, inspection of..... Reateriersteie ier pee HON 502 
TMMANUFACLUTE:Of |.) seis =e oe beogo oo Lal 

punching, effect Of..........-..+00-- 484 

cost of; compared to iron......... eeere- Saeed 70 

for stand-pipes and tanks........ OLS 428, 438 
medium, workmanship on.........0++ «++ «++ 496 
punching of.........+.eeees Silejeyeieho, wre cigveners 476-483 
reaming, tests to determine effect.............. 480 
sheared edges ON ......- eee ceeeeveeens 1 ote nce 481 

soft, use of, in bridges ...........-.-seeee- 475-485 
specifications for .........--+.: sococanonos 438, 497 

tests showing effect of punching............ 477-481 

bars, screw threads ON ....... eee ceeeeeeeeees 483 
Versus WLOUGHt-iTON. «ose cere ee sees eeceees 475-485 
Stiffeners for stringers and plate girders. 136, 297, 308, 326 
Stiffening truss, action Of.......ssee sees eee e ee ase 168 
Getcatronmotaneeteccieteilcletelcreleeiiale 168, 174 

SEFESSES1ileratale/« olsysieieereoelaiehsle *le 169-171 

With stayS.........--..-- 176 

Stone, esthetic qualities Of... ...egeeeceee eee ee eeeee 4l4 
Straightening ..........- Belotelchetele che iel caleielorelelei.s ise) ooo 501 
Strain, defined....... God dan CORD O RUBE OODIGKE aaiooeic I 
Strain diagrams. -......-+...-. SO UAOOOO ONC TOOOCUCOD 123 
Strains, apparatus for measuring........ niobe. Bono 230 
Snces einvel Sires on copem000U00 0 GOAUCCORCOCOU DOO OCE mse! 
Gefinedinn senile «6 on wee e cece et eeeee eens I 
Stress sheet, defined....... AUC OROOO OO She Sie NESTS ORT 330 
for a railway bridge......2..seeseeeeee 331 

specification for......-. SeicicnorO DOC oGiee Chee 

Stresses, calculation of, specification for.......-.. oon 487 
SiOmMlOlrerecese se = «nce al calor bs. SAGE ETO] 
tabulation of computation.........- aie otters 05:5 


Stringers and floor-beams, specifications WoStgcode coo “OK 
for Howe trusses .....secreceresceeseress 353 

railway bridgeS.....+.eseeeereeeee cae 20 

timber trestles. ......0:escrecsseee see 383 

Jateral bracing for...........--- Senate eis su 284 


525 


PAGE 
Stringers minimum depth... ..... ccvscocecssccvcess 201 
moment and shear for wheel loads......83, 329 


spacing of, specification for............... 485 
SUNEINSSIOr soocoud0c ob Gedo SoD eCnUDAnOGd SLO 
weight of. 2.3... Reroeyeisisrerets) sles ti tater aisvstens spea See 

Sinats md ehinedMeraciysyescietesst sie ere HOGOOON sete ofeheratetcleverest iets 
S ivi) Cieteremtetaisehete cleicrenesistateetens Sei selereraielasiereleisiveielelere semi 
Sub-panels, methods of making...... ayoretalerciorehe sooo 27S 
Substructure, esthetic design of......... Meipieiseme DLO A120 
Sub-struts for supporting compression members..... 281 
Suspension bridges, anchorage..........2. «++ coms 7/7) 
aS nlalsewOorkeunidseselare sfefele stersierers 511 

Cable ersins tele ais) sicisisienciorelotel spiel Og meki7 2 

Erectionofsrr sire cise tperseierhoreiel civic 511 
HanSersaceteitesiecteclsrererstele - 173-176 

NiStOLyOlieee seetsleisietetels oe ielt ror OO 

SEME ooo oc slelia © e siviee ejeheielepals 173-176 

stiffening truss ..... 168-171, 173-176 

WHEN A Cinad nonosccds i seater 167-178 

Sway bracing, analysis of... 114-116, 159, 405, 455, 463, 469 
design) of ,.%...\< sys shane a's tesetehos ever selseere 288 

for elevatedirailroadsis-jeresiats atast sieves 405 
mill-buildings...............-463, 469 

tall ss SOOO OO OTITOSSID + 455 

timber trestles..... loletsie’ al eeelareotsieks 384 

Swing bridge, déSign Of a 2.6... ...ceceeceve cee s 0370-391 
Swing bridges, analysis of... .......+200+020+++-179-190 
bearing OM MAaSONTY...s.esseeeeee ee 359 

Camber ofermajemaaere deters sfetetofersie Heo S70) 


centre bearing, analysis of.......183-192 
conical rollers for centre bearing..... 359 


Gea loa deterer cereus siccortorsierststchrayste 183, 377 
Geflecrion moter eielecle.ctersveieles aicieaiae 379 
GeSi othe Ofearaciereleteieletcietersoieetereiociee 357-381 
ENABIILES sctereeelneiarele S060 2c 364-370, 380 
engine wdesignmlof ruses cciicieaeriere 374, 381 
ETECLIOM Ofiy-ter siete eioreisvoraisisinie ciel orelokerenats 511 
floor system, design of.............. 376 
form's cOfeyecuy-feveccee slerers NOOO CSE SS Son Cm 
formule for reactions... .........I179-181 
friction constants..... goudbondsocaan Sis 
FLICHLONeIN MCN EMIN Gs lerstellerctalerelotere ot-ietete Moc 
ANeTittar Oliv. crests aiataileleisjetelels o's ele (oleleistemaiS 
laterallebracing fonierejecisiotestaleteic aceite 376 
Witte ap sa0 odo 0000: AICdOCooN CONS oo HOE 
lifting of, power required........... 371 
machinery for operating ........ sen SFO 
methods of supporting at the centre.. 362 
pivot for centre bearing..........56. 357 
plate girder. .........cceccesecessss 357 
pony truss,.... DUeOOnEDOGOGoOUO OOo: Sine) 
power required in lifting... .367-371, 373 

TUPNING son elerertl OS 
proper form to USE... .0..0.000..00- 333 
reaction constants for....... 139, 182, 186 
reactions, formule for......... 179-181 
resistances to turning..........+.37I-373 


rim bearing, four supports, analysis of 193 

rim bearing, four supports, equal loads 
on the turntable, analysis of....... 195 

rim bearing, four supports, equal: mo- 
ments at centre, analysis of........ 193 


526 INDEX. 


PAGE 
Swing bridges, rim bearing, three supports, analysis 
CVie ogo a6 6 G6 CO U6 erefostelstererete aoago iy 
rollers, conical, for centre bearing... 359 
turning, arrangements for.,......370, 380 


resistances to.... . -371-373 
turntable, design of.......... SOD US Wisk) 
WISI Of rictyrotsvsrersverera este mraene ores TSSsasi7i7 
wind pressure in turning............ 372 
Win GUStreSSes) iMlasecemrareteltee iy ieneie ee 196 
with variable moments of inertia..... 196 
work done in lifting and turning. . 371-373 
Sy MIMetrve 0s POLltan cen Ofjaaks-rerycieeieersee teem ee A Le 
Tall buildings, beams, PrEtement of ppUdeoD oto ea 440 
Caleulationioliraertrcistcielec ats 450 
SPACIN SuOlmrimreers ect osiciclelae secre 441 
columns, arrangement of....... soeog Cue 
calculationgofaes.neeeaee 450-453 
fOLMSTOL Taasme Netesirele c ere tree 452 
LOAdSHON setter crerecrere eeee’se 442-444 
GESIOMOne iaerslerscrs Mafoleheicisrenie rs 440-459 
GetailsShirterissterersteves cece aieveKekstolenereiete 457-459 
HoorntyperOlert.)/ <i Saleictestetsiecus ounces 443 
foundations....... Cilaie ee Skee sete 444-447 
iron and steel in...... alaeveysiet aie sevens 439 
MOAGS Ifa ceatervetenettiens oeierese hens ocndconc Cu 
Proceduresinidesigning wenermieee ee 440 
SpandrelsSectionSiey.)..1e cleele wae 211 447—A 50 
WiNdyDLACIN Preretatars cies evel cene enielele 453-457 
Tanks. See Elevated tanks. 
Temperature stresses in arches ........ eeisisieavoceke PRi, i ty 
Mensioniandsbendingweeeece cee eee wees 006154, 155 
Tension members, adjustment of.,...........s.0.00, 516 
compound sections for .......... 251 
GESISMOfsters cieccieietetenste sieten ales 245-251 
CyieDa4rsimcinstsicrem-te eerie cote ee 245 
BXOYG boa AO eECROORLOR ave lafeissehetetesrerarelere 248 
single shapes...... atelets eletsrerets 250 
specifications for....... o000 oado AOS 
Mestseonicolummnseeenmeens sisson een gosecrndanoucce LEZ 
TIViELEGMOINt Samim aeetaaee ee wale refteciaercOSeRATiT 
PRO ME etcoen.codqaGie ce HS OREOD Relstetsiclelererslemeey7 5) 
Thames River bridge, friction of............ eictevebevere 375 
hreemomentswequationmotsdentaeene cee cece ene 137 
Through bridge defined.......... AG SOOO TOSS Soon, 8 
Phroughi plate girdersidesion Ofime..s. ese acne eeoe ss 310 
PUnENSt mnvankancheewermesse te ates Siiss LAOOD Bo ooedoe 204 
Eliicmplates edesigniofaccwe cae sone Sos Seveveretsteys 253, 341 
Wnesudefinedmaadsvesn teen DID HOsoodecCO OD OLING Tor 3 
Ties, railroad, specification for..... aoaondcoac seve e 495 
Timber trestle. See Trestles. 
imnberaworkingestresses forse see cee econ eee 353 
mogplejoint end-lifts. tec ceiees we) seis ole eo 308—=3770 
opichordrasistringers we senescent een eee eee 158 
centre Of gravity olaseeme crn a eee 325 
design of.. ale (eieleie lore) olseletele eateries son SL 
eccentric icadiag: elect Ofmare sree corer vere 158 
joints, design of...... PGB ORI CON Oman Coe 289 
Pesition opinion c..tec ere sees 325 
Splicesydesigniofe.. «13.70 ADOT dS0G0.0 0 SAO 
Stressidue tonweight of.)s. ....0250 0. 157-159 
Towers:forelevateditankss.. 1s... . 0s eee as puoae Ze} 
Travellers, construction of.......... tteeee eee ee 510, 514 © 


Trestles, iron} bracing: Of a. mille selelers stelets otter erates het ely/ 
columns, bases fon). .\.1 sieisels sole fo nls ae OO 
batternofew.. cence meensOS 

CAPS LOM stores clets epstereheloleen tA OO) 

connections for)... «sss 1400 

Gesig not Fine ellerieetesieee SON 


cost, compared to embankment...... 396. 


economic length of span ............ 394 
ELECTION! Of cracrasis ele tariersietelisiteretehcisi ms LO 
general design of. SaagoboGEOOgoES AOL 
lateralistabilityaota-j-1-sjetele oeieieistiersleee SOG 
length of tower spans -. <0)... + see 1304 
Stresses-inla: ca. cece eid auarevenets 397-399 
WelphtOfmesicat rss BOGHOoO osGc0as0 395 
Wind pressure-ONnccer eer i ictsmeeie 393 
Specifications fore. .-.ieee siolslelels sel eeter 40 5—500 
timbers bentsiaceeeastecmcte dobdco dance See 
conditions of use..... B0.00.0 0-00.00 dd 382 
Corbels. 7 penaeieneeite tells] sjefeleiateleeteiene 383 
ELECHIONOfii iiss. sta weistetet ole olor etereres 511 
floor systems for..... dadocodcoodue see 
for falseworknaerae eine soeeee 512-514 
illustrations of standard........ 385-390 
TVNES Wn ooosa4o beponoS dooddodaos 382 
longitudinal stability of........... - 384 
Stringersiforeas ces srfeveieieietaveustetsiane 383 
Splicestinejemtaeiemcce steam eee sO 
Swayabracingetoren erettacistee eee 384 
Working Stresses fons semesters Ol 
rian sularstrussaaremeaseee eee slcieistsleletsleteisieteisiels Sila Oli 
Triple-intersection truss....... BHO SOOOUOODAGOOS OC 59 
(ETUSS Faction; Offastaeiacaetie nme cae eee Bgavehace Zi 
defined ..e eee settee ete tole eloleie tatetbisie eintcnehoheretone 3 
historical development of the........ siecieleietel 5p LO. 

for suspension bridges. See Stiffening truss. 
Truss members, design of....... + 8 8c vee eves eee 242-250 
Trussed beam, analysis of....... fo evrale) e/al(s/e\vlokole secre OWE 
Mirusses; deflectioniotseeree Petes tle ole sive» 219-227 
economy of various forms....... Sobocnoues Lye 
forms for swing bridges........... +++ «360-362 

See also Bridge trusses avd Roof trusses. 

Turn-buckle instead of sleeve-nut,...........2..00- 250 
Turning arrangements for swing bridges............ 380 
Turntable, design of a......... sete ee eeeces see 6097 7—-379 
Turntable, method of loading............ oo eco e 1302-304 


Upsetiscrewsends, dimensions ofaaseeeeee eee 248 


Viaducts, erection of.......... sisis ele felatoia olelelsileiter aterm SO 
See Elevated railroads, also Trestles. 


Warren girder, advantages of......... acooOn OOS 6a BAO 

analysis for uniform loads.... .....51-54 

wheel Sf ner sicls ean tS 

Wiatertowersskinds ofa eer popope as Ay 
See Stand-pipes, a/so Elevated tanks, 

Watertown Arsenal tests of columns...... hncuecomes UES 


riveted joints........263, 477 

Web, distribution of load OVED 6 cts jeieclaie cise vole oles CO soos 
thicknessjOf iy. nmericliteradells elie etree eee OS 
Web members definediy..s eee casee cee ee 3 
Web splices 1.2... vec eee eee ce eee ee veces 293-297, 307 
Webistiffenerssccccerie eae eeseees +136, 297, 308 


INDEX. 


PAGE 

Web stresses for wheel loads.... .... eeeee+ 81-83, 86, 90 
inclined chords. ... oc. « SRarel claveties ev ctoets 62-64 

parallel ROM creer eer tn aesaleneVersorscesels 50, 51 

Weightvote nl Gorsacestcctem cise cols ve SdoocoogvoN drone 443 
highway Dridgess..c. cscs e's arereineier® 44, 363 

BLOW ERLLUSSESHia totes cocina ec ote Conus coke 43, 354 
HALtICeNPITGeTS: cee) e eee FOO OOOO 000.66 43, 240 
pin-connected trusses.......+.3+ Sermertcs 43, 241 
Platersindersmenctncacels s cose comecs ces 43, 238 

MIVEt Mead Gemmerece Cree cis ch cet ersteets ence e's 257 
LOOMCOVEEID OS Meret inatacie aneioe oe ce eee 317 

LOOM LTUSSCSremregistarsie/s ce eueis egw nels wee es 314 
Sthingersescese ss ehemiversrortcvel melsiateerstorerets 326 

swing bridges....... erehekete teYeletcfelotyeler ceiver 183 

trestles, iron... .. obachco Sayatsinieieiene siwreuete 395 
Weyrauch’s formula.......... UGC Scos cis wicca Soom 244 
Wheel loads, tabulation of moments..............2- 79 


See also Concentrated loads. 
Whipple truss, analysis for uniform loads............ 57 
wheel se 
history of....... SASCSO05 
Wind bracing. See Lateral bracing, Portal bracing, 
also Sway bracing. 


527 

PAGE 

Wind loads, specification for.............. aie ete levered Or] 
Wand! pressure;.experiments ons «.eeecccececsen eae 33 
ONTDHIG PES ere Cah os cis case Sa an ee 45 

buildin gstynactes corer cr «-- 461-463 

elevated srailroads weeps aieeeieeeee 404 

TOOLS mrapersialevsceets sual oierehters ce merereists 33 

Stamnd-pipesins. so voravererree crane 429 

tréstlesiws wis oe otha AC eee 393 

Wind stresses in bridges. .......... 109-114, 159, 196, 202 
buildingsm scene rreite 455, 469-474 
elevatedirailroadSisearcesm aerate 405-407 
ROOPAKUSSES No ache eae ate oreo eer 315 

Work, equation of external and internal............ 219 
Workingsformulaeyoce se ssnieton os cei eens 243-245 
Working plant for erections... aacceseneeee eset 514-516 
Working stresses for highway bridges.... .......... 344 
railway MERE AGT cc Goren fic 322 

FOOL trussess cies tee eee ee eee 315 

timbers s sins ae cniewse he setewe cree 353 

Specifications fonecmcme perverse 488 

Wrought-iron compared to soft steel............. 475-485 
SPECiLLCAtIONS 1Ofie se «eleieseleleyasieietelistetets 497 


err aw Ve 


wi 


605 64 


Barca A aun Stage 


rail tiga nce 
rat ANI a je 
ca 
\Gactots Txu Bah 


! diteevagenat 
: ashe ; , 3 ae repeahcues? 
esis fateh ‘ il “drain! byl ee Sigtght seta ais ware 
nal depot oe oe ie shapaes etch et cheek Neo a3 ; PNG ile thy ee ren Re 
ee se $ ehite f ie nan gah ent a‘ 4 i : 
eo ailel feif Mat 207) he oat sve he 4 Ae : Bee oh 2 3 


fet 
38 


Lipiicoe any 
alae bain tia 


eT 

Hee eset 
ane 
haat 


Leite iestetfar Age 
Neatatteerd ea a 


alee 


es 

7 Cen: ; 7 

ree net et : rear ee ties 

ea er cece cate, tale Lie es ee i rene wens afer ronan ar MARR wt nai 

A hea epee i Bees ee raf ee AMIS ett Pie 

eer Ramee ew gece Pear aranh ret ENE J 530m saunter : ; i est. 
Beerconstenc tera pape atelth bathe reas j fe Bag aven aae oF eth 
: i wet. Le 


ribet ie 
ENAMEL pmeglacatee ref 
Taree Re PSAs wre mer eine yitad Mik Vato 
ge eo oe etry : wagers a - etees: 
eatae rast tas ee inres wipro os Sieicgatt cites a 
- pen He Sse i rar Lenereyons . = ‘i " : 
ra 2 sos" % are A 
deddakoeee soteaip ies phi i leper pairs ian rei 
iiyemamnburgr oie ol uetag aol NP eee eae “i : 
wre Taker anie alan er i 


Site TEs, eds ee oes 


sae 


et 7 Z “ eis : aa ees 
Fm penne aeons Ms 3 ” 
Ae efinninern 


Sater yeh cate 
git dat cry 


= 
ee gear nels 
Bi Hibs, gh PD al 
. 


nial 


Se oecyiomiony 
Tee 


pee are S 
ee ase TE 


eT ee Ese onipta tity sire 


3 2) : : ed itera : G Sauineees Finlo yeu hmee essa 
et eaes. nies tame aos =a * APTS S oe map LAWN erat hich art hon yet Eonne aces mm 


Bice mt ce Ve Yl A eda 


ay i ee ae et 
5 SSO - Ferien nas 
oh Seen eee aes pani eek Eun ALE (ay sare eis 5 
Pye P arin f EN Tet Nhs a lb pay reel 4 eet ‘. oo pire Ase Sere 
—— hice ete eabre tenet ot ry phpareears ar 


Aoi s Alanine Rss chee teeth eine 
Rees ee mane 7 
nae ERESI Mm Rotem = see CPG PERT . Sy ¢ 
f ater rere Fine RASPES: mint eamea i rer seariee a . Mert sere riit ay Pte 
oe A Ls i Sp es a Tes glaciers Soa re 
nt teria as PRSACE EN aeaneeteast 
es z Me Sea ucaret aN 


peste ert te 
Pace ie 


sire warnruine sites: 
Sorte seen 
eed 


Hones SAno, 
Lahde 


a 
ay i 


oS 


Ni G i 
chit 
Aste 


mene 
8 


pire Saeve 
. APw ew aks 
esis Pn 


Biante 
“ tH 
Pea 

lsh esis 


acer ts ts gets 
PET stitial 


